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vZusammenfassung:
Die vorliegende Dissertation pra¨sentiert Experimente zur effizienten
Laserku¨hlung hochenergetischer
 
Be

-Ionenstrahlen hin zu extremen
Phasenraumdichten. Anhand systematischer Messungen und realistischen
Computermodellen wurde die Dynamik des gebunchten Ku¨hlschemas in
verschiedenen Potentialformen untersucht sowie bedeutende Rolle strahlin-
terner Coulombsto¨ße erkannt. Bei extrem hohen Phasenraumdichten
beobachtet man ein plo¨tzliches Verschwinden strahlinterne Sto¨ße, die auf
das Einsetzen von Ordnungsprozessen hindeuten ko¨nnten. Desweiteren
wird Laserku¨hlung ungebunchter Ionenstrahlen in einer optischen Melasse
demonstriert. In diesem Zusammenhang wurde erstmalig die dreidimension-
ale Ku¨hlung kontinuierlicher Ionenstrahlen realisiert.
Abstract:
This doctoral thesis presents experiments on efficient laser cooling of fast
stored
 
Be

ions to extreme phase-space densities. The dynamics of
bunched cooling in different potentials and the important role of intra beam
Coulomb scattering have been investigated on the basis of systematic mea-
surements and realistic computer models. At extreme phase-space densities
an abrupt disappearance of intra beam scattering is observed which could
possibly indicate the onset of Coulomb ordering in the ion beam. Laser
cooling of a coasting beam in an optical molasses is demonstrated. For the
first time, true 3D laser cooling of a coasting beam has been realized.
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Chapter 1
Introduction
Over the years, the physics with fast stored ion beams has evolved into
a large research field with many dedicated accelerator and storage facilities
around the world. With the advance of cooling techniques [Møller, 1994]
such as electron cooling and stochastic cooling a new class of high-precision
experiments became possible. Cold ion beams in a storage ring can be
used to perform high-precision mass measurements (Schottky mass spec-
trometry) [Radon et al., 1997], investigations of short-living isotopes cooled
and stored in traps [Bollen et al., 1996] and precise tests of special relativ-
ity [Grieser et al., 1994]. By recombination experiments, atomic structures
[Wolf et al., 2000] and QED effects[Brandau et al., 1999] are investigated. Cold
ion beams could also become an important tool in inertial fusion reactions
[Bock, 1997]. The study of the dynamics of stored cold ion beams itself deliv-
ers important results on the physics of non-neutral cold plasmas at high center of
mass energies [Miesner, 1995, Lauer, 1999, Madsen et al., 1999].
All cooling methods used at storage rings have to fight against extremely
strong heating processes. This heating essentially stems from envelope oscilla-
tions due to the alternating focusing of the beam along the ring in connection
to intra beam Coulomb scattering (IBS) [Sørensen, 1987]. Figure 1.1 shows the
coupling of the degrees of freedom for ions in a storage ring. The energy for
IBS heating comes from the kinetic beam energy which represents a huge heat
bath. Since the collision rate depends on the phase-space density, this heating
mechanism becomes even stronger during the cooling process finally limiting the
achievable temperatures.
Laser cooling is a technique to achieve much higher cooling rates It is par-
ticularly suited for low-charged ions where electron cooling becomes rather in-
efficient. Laser cooling relies on the radiation-pressure force exerted by res-
onance laser light on the ions. The light force arises from repeated mo-
mentum transfer in a series of many absorption-spontaneous emission cycles
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Figure 1.1: Couplings between the degrees of freedom for an ion beam at a high
center of mass energy.
[Metcalf and van der Straten, 1999]. For moving ions the Doppler effect trans-
lates this frequency dependency force into velocity-dependent friction force. At
a storage ring laser cooling can be realized by merging a laser beam with the ion
beam along a straight section of the storage ring (figure 1.2). One the one hand
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Figure 1.2: Implementation of laser cooling at the Heidelberg Test Storage Ring
(TSR). For laser cooling the ion beam is merged with a laser beam whose fre-
quency is nearly resonant with a Doppler-shifted transition line of the ions.
laser cooling is restricted to some light ions such as Li

, Be

or Mg

having
3an optical transition with a wavelength accessible to a laser system. However it
turned out that laser cooling is an extremely efficient cooling process leading to
phase-space densities that cannot be achieved with other cooling techniques at a
storage ring. Laser cooling experiments have been performed with Lithium and
Beryllium ions at TSR [Schro¨der et al., 1990] at beam energies of MeV and with
Magnesium ions at 100 keV in the ASTRID storage ring [Hangst et al., 1991].
Since the laser force only either accelerates or decelerates the ions, beam cool-
ing can only be realized by providing an additional counterforce. In early laser
cooling experiments this counterforce was either realized using a second coun-
terpropagating laser [Schro¨der et al., 1990] or an induction accelerator (INDAC)
[Ellert et al., 1992, Petrich et al., 1993]. These experiments revealed the impor-
tant role of hard Coulomb collisions leading to ion velocity changes of about
1000 m/s. The collisions lead to losses for the cooling process due the small
capture range of the laser force (   m/s). These losses could be suppressed
by the use of a capture range extension realized through a rapid adiabatic pas-
sage [Wanner et al., 1998]. With the introduction of beam bunching to realize the
counterforce by the application of a pseudopotential confining the ions in the lon-
gitudinal direction it was possible to overcome the time limitation of the INDAC
method [Hangst et al., 1995b, Miesner et al., 1996a]. Bunched cooling also leads
to a “recycling” of ions that have undergone a Coulomb collision out of the capture
range.
Laser cooling can directly cool only the longitudinal degree of freedom. Di-
rect transverse laser cooling by shining in light perpendicular to the direction of
motion is practically not possible. The reasons are the short interaction times
and the sensitivity to tiny angle deviations between laser and ion beam leading
to large Doppler shifts. However, methods have been developed to also cool
the beam transversally: since the degrees of freedom are coupled through col-
lisions, the directly cooled longitudinal direction acts as a heat sink which also
leads to a temperature reduction of the transverse directions (indirect cooling)
[Miesner et al., 1996b]. In addition the ring dispersion leads to a coupling be-
tween the horizontal position of the closed orbit and the longitudinal ion mo-
mentum (figure 1.1. Combining dispersive coupling with linear betatron coupling
[Bryant, 1994] we realized full 3D laser cooling which does not depend on the
phase-space density [Lauer et al., 1998].
In the framework of this thesis, systematic measurements on laser cooling of
bunched beams in various potential shapes have been performed. These experi-
ments give a very clear picture of the short- and the long-term dynamics of the
cooling process. Realistic computer simulations have been developed to identify
kinetic effects of the ion ensemble experiencing non-linear cooling forces and the
influence of different bunching potentials on the cooling dynamics. Furthermore
the implementation of collisions into the model gives a detailed insight on the
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crucial role of intra beam scattering for the laser cooling dynamics.
With these experiments the cooling parameters have been optimized to achieve
efficient 3D cooling to unprecendented phase-space densities in storage rings. In
this extreme regime we observed a sudden anomalous beam behavior which shows
the signature of Coulomb ordering: at very high phase-space densities the mu-
tual Coulomb repulsion of the ions significantly influences the behavior of the
beam. In particular, if the thermal energy becomes comparable to the Coulomb
energy which is expressed by the plasma parameter 
	ﬁﬀﬃﬂ! "$#  ,
ions can no longer overtake each other. For &% '( the formation of these
Wigner crystals has already been observed and studied in various ion traps for
ensembles at rest [Walther, 1993]. For low kinetic energies of about 1 eV recent
experiments demonstrated the formation of a laser-cooled crystallized ion beam
revolving in a small circular quadrupole trap (PALLAS) [Scha¨tz et al., 2001].
The question of a possible Coulomb ordering in an ion beam revolving with
some percent of the speed of light is one motivation for our cooling experiments
[Habs and Grimm, 1995]. A crystalline ion beam represents the ultimate phase-
space density reachable at a storage ring. Ordering phenomena at beam ener-
gies of several hundred MeV have been observed for electron-cooled beams of
highly charged ions [Steck et al., 1996]. In this case the experiments have been
performed with an extremely small number of ions. Typical ion distances are on
the order of several centimeters up to meters. Coulomb ordering takes place in the
sense that two revolving ions do not overtake each other, but they are reflected due
to the electrostatic repulsion [Hasse, 1999]. However, due to the large distances
one does not achieve crystalline structures with a long-range order.
Theoretical calculations [Hasse and Schiffer, 1990] show that the structure of
a crystallized ion beam strongly depends on the ion number. The lowest crys-
talline structure is the one-dimensional linear chain where ion are moving along
the closed orbit with well-defined distances from each other. For higher beam
densities the ions start evading from each other forming a two-dimensional zig-
zag arrangement or higher 3D structures. Molecular dynamics simulations done
for our experimental conditions (   Be  ions at 7.3 MeV in the Heidelberg test stor-
age ring TSR) predict that only the linear chain and possibly the vertical zig-zag
are stably storagable [Wei et al., 1995]. Higher order 3D structures would be de-
stroyed due to shear force occurring in the bending magnets of the storage ring.
The maximum total ion number for the formation of a linear ion chain at the TSR
according to the simulation would be ) .
Our experiments indeed show a sudden disappearance of intra beam scatter-
ing during the cooling process at the predicted particle number. This would be
the signature for the formation of ordered structures: for a crystallized beam,
collisions are completely suppressed due to the fixed relative ion positions in
the beam. However, other interpretations of this phenomenon assuming ad-
5ditional heating processes or effects of the bunched cooling mechanism itself
cannot be excluded. Anomalous beam behavior during laser cooling has also
been observed at ASTRID leading to density limitations [Madsen et al., 1999]
and sudden transverse beam blowups monitored with real-time imaging meth-
ods [Kjærgaard et al., 2000]. However, these effects have not been observed with
dispersively cooled beams.
In order to rule out effects related to the bunched cooling method, experiments
on coasting beam cooling in a one-dimensional optical molasses have been carried
out. Cooling of a coasting beam is achieved using a second counterpropagating
laser to apply a decelerating force thus forming a one-dimensional optical mo-
lasses. We present the technical aspects of this cooling scheme such as the laser
system as well as a detailed investigation of the cooling dynamics. In addition we
demonstrate the first realization of full 3D laser cooling of a coasting ion beam in
a storage ring.
This thesis is organized as follows: Chapter 2 gives an introduction to the basic
principles as well as the experimental techniques needed for efficient laser cooling
of fast stored ions. The dynamics of bunched laser cooling on the basis of sys-
tematic measurements and computer simulations is presented in chapter 3. Here
we also describe the sudden anomalous behavior of the laser-cooled ion beam at
extreme phase-space densities. Chapter 4 covers the description and the results
of coasting beam cooling experiments in a one-dimensional optical molasses. An
outlook to future experiments is given in chapter 5.
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Chapter 2
Basics of ion beam cooling
2.1 Fast stored ion beams
Fast ion beams moving with velocities in the order of the speed of light can be
stored in an ultra-high vacuum pipe employing the Lorentzian force *+ 	-,/.
*
0ﬁ1
*
243
via magnetic fields [Wille, 1996]. Magnetic dipole fields perpendicular to the
direction of motion are used to deflect the beam in order to form a closed orbit
(figure 2.1).
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Figure 2.1: Schematic picture of the Heidelberg Test Storage Ring (TSR).
Due to the mutual repulsive Coulomb interaction and the unavoidable angle
spread in the direction of motion, the beam has also to be confined in the transverse
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degree of freedom in order to produce stable particle trajectories. A magnetic
quadrupole field provides a focusing force in one direction and a defocusing one
in the other. It has been shown that the use of quadrupole pairs can be used
to confine the motion of the revolving ions in both directions (alternate gradient
focusing) [Courant and Snyder, 1958]. In this magnetic structure (lattice), ions
perform an oscillatory motion around the closed orbit (betatron oscillation). This
motion in the transverse degree of freedom 5 for a longitudinal position 6 in the
storage ring is described by
57.86
3
	:9 ;=<>.86
3@?BACED
.F6
3 G (2.1)
The amplitude consists of the emittance ; which is a constant of motion corre-
sponding to the occupied phase-space volume and the storage ring function <H.F6 3
which relates to the focusing strength of the quadrupole magnets. The phase D .F6 3
is calculated as D .86 3 	JIEKLNM 6POQR<>.86BO 3 . The number of oscillation per round-trip
(tune S 	 D .FT 3  'VU , T : ring circumference) must not be an integer number
which would drive the betatron oscillation leading to an immediate particle loss
(storage ring resonance).
The velocity dependence of the Lorentzian force leads to a different bending
radius for ions moving with different velocities. Hence, the closed orbit grows or
shrinks with respect to the longitudinal momentum (storage ring dispersion). The
orbital displacement WX5 in the horizontal degree of freedom with respect to the
relative change of longitudinal momentum is described by
WX57.86
3
	-YZ.F6
3
W\[
[
G (2.2)
As we will see, this important coupling mechanism between the longitudinal ion
motion and its transverse position will be exploited for efficient transverse beam
cooling.
2.2 Cold ion beams
2.2.1 Beam temperatures
Strictly speaking, the term temperature is only defined for particle ensembles be-
ing in thermal equilibrium. As we will see in the following sections, this is not the
case for beam cooling at a storage ring. The correct thermodynamic description
would require a Fokker-Planck approach [Risken, 1989]. This equation delivers
correct results for electron-cooled beams. However in case of laser cooling the
assumption of a constant diffusion coefficient is no longer valid due to the signif-
icant influence of intra beam scattering on the cooling process (section 2.2.2).
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All known techniques used for beam cooling at storage rings show a strongly
different cooling dynamics for the transverse and the longitudinal degrees of free-
dom. This leads to a strong anisotropy of the 3D ensemble. Since the number
density of the ion beam is low enough to neglect all thermal couplings in first
order approximation, one can treat the three degrees of freedom as distinct ther-
modynamic ensembles interacting with each other (figure 2.2). In case of laser
cooling, even the longitudinal phase-space itself does not reach an equilibrium in
a thermodynamic sense but a steady state only. The reason for that is the strong
non-linearity of the cooling force (section 2.3).
For the longitudinal degree of freedom it is convenient for the description
to use a frame moving with the main velocity of the circulating ions. In this
picture the description only includes the position W]6 and the velocity W 0 of the
ions with respect to the moving frame. The longitudinal energy is the sum of
potential an kinetic energy ^._W`6abW 0
3
	 Ncdeﬀb.FW]6
3gf
Nhjikl.FW
0
3
. Since there
are no additional mechanisms leading to an energy term which depends on both
velocity and position, the phase-space can be separated in a spatial and a velocity
distribution.
Although the longitudinal ion ensemble is not in thermal equilibrium, one
can ascribe a measure for the velocity spread of the distribution which has the
dimension of a temperature m
n
	&o
Nhpikl.FW
0
3=q
r

a (2.3)
where
o
Nhjiks.FW
0
3=q
is the mean kinetic energy of the ion beam in the comoving
frame. It can be calculated from the variance tvuw of the velocity distribution
(
o
Nhjik
q
	yxztvu
w ). Therefore one getsm
n
	
x
r

t
uw
a (2.4)
( x : ion mass). One has to bear in mind that the velocity spread t w is not bound
to a certain shape of the velocity distribution but follows the general relation
t
w
	
9
o
W
0
q|{
o
._W
0
3
u
q
. For a thermally equilibrated ensemble one would ex-
pect a Gaussian shape according Boltzmann’s distribution . In this case the above
relation corresponds exactly to the thermodynamic definition of a temperature.
In order to get a temperature of the transverse degree of freedom we can ex-
press the energy ^.}5~a=5 O
3 by the particle momentum and the lattice functions a<
[Wille, 1996]. Again, the transverse beam energy is the sum of potential and ki-
netic energy. Without any cooling mechanisms, the transverse beam energy is
a constant of motion. The potential energy results from the focusing structure
(quadrupole magnets) of the storage ring. Since the focusing strength is not con-
stant along the ring position, also the transverse kinetic energy depends on the
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storage ring position. In conclusion one would end up with a position-dependent
transverse beam temperature using the above temperature definition which does
not make much sense. Therefore in storage ring physics one calculates the mean
beam emittance ;j ﬃ which corresponds to the transverse phase-space volume en-
closed by the ion beam ensemble.
<;j "	
o
5
u
q G (2.5)
where
o
5u
q
	I



5uNŁ.}5
3
M
5 denotes the second statistical moment of the ion
distribution [Mudrich, 1999]. The emittance is also a constant of motion and does
not depend on the ring position.
A solution for the temperature definition is the calculation of a mean temper-
ature by averaging the position-dependent temperature along one round-trip
m

	

T

m
.86
3
M
6	
[
u
L
;j "
rs
xT
'VU
S
G (2.6)
( T : ring circumference, S : betatron tune).
It is worth noting that the temperature definitions are still valid for ion
beams experiencing additional forces that only depend either on the veloc-
ity or the position. In particular for very dense beams one has to take into
account the mutual Coulomb interaction of the ions and space-charge effects
[Ellison et al., 1993, Nagaitsev et al., 1994]. These effects could be described us-
ing a Debye-Hu¨ckel approach [Eisenbarth, 1998].
2.2.2 Intra beam scattering
For a stored ion beam, one observes a heat-up if no cooling mechanisms
are present. The reason for this behavior is the so called envelope heating
[Hochadel, 1994b]. This effect relies on the changing focusing of the horizon-
tal and vertical degree of freedom (alternate gradient focusing, see 2.1). Since the
transverse beam temperature at a certain ring position depends on the focusing
strength of the quadrupole field, a focusing in one direction and a defocusing in
the other one leads to a strong temperature anisotropy. Without any coupling of
both degrees of freedom this effect would be completely reversible. Intra beam
Coulomb scattering (IBS) however leads to a heat transfer which reduces this
anisotropy [Sørensen, 1987]. The result is an increase of the entropy and thus the
mean beam temperature. The energy for this heat-up comes from the kinetic beam
energy acting as a huge heat bath.
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Figure 2.2: Energy transfer in a stored ion beam. Thermal energy from the longi-
tudinal beam motion is transfered through envelope oscillations in connection to
intra beam Coulomb scattering to the three degrees of freedom.
2.2.3 Cooling rate
As a result of the introduced temperature definitions, cooling of stored ion beams
means the reduction of the longitudinal momentum spread and the the damping
of the transverse betatron oscillation respectively. In order to characterize the
efficiency of a particular cooling mechanism one defines the cooling rate  as
 	
{

/
G (2.7)
 denotes the total energy spread of the stored ions moving around the mean en-
ergy  . Hence, the cooling rate corresponds to the time constant of the decreas-
ing relative energy spread during the cooling process. The total energy consists
of a potential and a kinetic part 	 Nhpik.FW 0 3f Ncdeﬀb.FW]6 3 , whereby velocity-
dependent cooling forces only reduce the kinetic energy spread:

Nhpik
/
	-xW
0
W
0
	
+
.FW
0
3
W
0
#

+


W
0
W
0
u
a (2.8)
assuming
+
~.FW
0
3
to be linear near W 0 	  . For the longitudinal degree of free-
dom of a coasting beam the particles have no potential energy leading to Nhjik	 
and thus
	
{
'
x

+
.
0
3

0 




wj
L
	
{
'
x

G (2.9)
In the last expression  is the so-called friction coefficient. In case of ions in a
harmonic potential (as it is approximately the case for the transverse degree of
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freedom) the viral theorem requires that
o
Nhpik
q
	
o
Ncdeﬀ
q
. Hence, the cooling rate
would be half the value of Equation. 2.9.
2.2.4 Beam crystallization
During beam cooling the phase-space density of the ensemble becomes steadily
higher and higher. In this case the mutual Coulomb interaction of the ions can no
longer be neglected. The whole dynamics of such a cold beam becomes more and
more dominated the the intra-beam interactions.
A fast stored ion beam of high phases-space density can be treated as a one-
component, non-neutral and space-charge dominated plasma. Such a plasma is
characterized by the plasma parameter
Z	

ﬁﬀﬃﬂ! "
	

 
U
;
L

, u
¡
r
m
(2.10)
which represents the ratio of the Coulomb energy due to the repulsive electro-
static forces between neighboring ions and the temperature of the ensemble. For
an isotropic plasma, the characteristic distance ¡ becomes the Wigner-Seitz radius
¡
	 ¢
9 £
/.
 
U
Ł
3
where Ł is the spatial number density [Habs and Grimm, 1995].
With this definition a thermal weakly coupled plasma is expressed by ¥¤  . A
short-range one dimensional liquid-like state would be expected for ¦  . In this
case the thermal energy is in the same order of the Coulomb energy. This means
that two stored ion moving with slightly different velocities cannot overtake each
other due to their Coulomb repulsion. In this case, the ion beam should show up
ordering effects. A long-range order is expected for ¥% ( [Hasse, 1999]. The
shape of this ordered structure depends on the ion density. At large ion distances
the lowest order structure would be a linear chain. With decreasing distances the
ions start evading from each other forming a zig-zag line or helix-like structures
[Hasse and Schiffer, 1990]. For an ion beam stored in the TSR it is expected that
only the linear chain and possibly the vertical zig-zag structure to be stably stor-
agable. Higher order 3D structures would experience strong shear forces during
beam deflection at the bending magnets.
For the treatment of laser-cooled ion beams one has to take into account that
the 3D ensemble of the cooled beam is far away from thermal equilibrium. Due
to the extreme temperature anisotropy (
m
n
#
 K,
m
-§
' K) a more realistic
picture of an ordered beam is shown in figure 2.3. While a laser-cooled ion beam
has a very small velocity spread, the transverse degree of freedom is comparably
weakly cooled. An ordered beam would therefore lead to a spatial distribution,
where ions have a well-defined longitudinal intermediate distance from each other
but their betatron amplitudes are still large. The ion beam can therefore be seen as
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Figure 2.3: Disk model of a crystallized ion beam. While ions have well-defined
longitudinal distances they still oscillate with large betatron amplitudes.
a set of charge disks with a distance M and a transverse size of t assuming a radial
Gaussian charge distribution. Obviously, in this case the above definition of the
plasma parameter does not make sense any longer. However, a one-dimensional
plasma parameter can be defined representing the ratio of the Coulomb energy
of two charge disks and the thermal energy of the longitudinal degree of freedom
(  n 	$Nk¨. M at 3 ﬁﬀ"ﬂ=_ ﬃN.
m
n
3 ). The Coulomb energy of two charge disks with the
radial charge distributions ©@ª«.
*
5
3
©
u
.
*
5
O
3
is calculated as
Nk¨.
M
at
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­


+
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M
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Through the intermediate distance M this definition also take the linear number
density into account by   M 	 Ml±  M 6 . Note, that this definition gives no quanti-
tative measure in case  n ¤  for phase-space but a qualitative deviation from an
ordered state.
For very low beam densities, the intermediate particle distance M is small
compared to the amplitude 5 of the betatron oscillation. In this case, the one-
dimensional definition of the plasma parameter gives way to the 3D definition. In
the comoving frame, the transversally oscillating ions approach each other until
they are reflected due to the repulsive Coulomb interaction (figure 2.4. In this
picture, it is possible to estimate a transverse beam temperature needed to observe
Coulomb ordering: The minimum distance between to approaching ions is
M
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d
x closed orbit
Figure 2.4: Beam crystallization can be treated as a one-dimensional problem if
the intermediate distance M is small compared to the betatron amplitude 5 . Ions
approach each other and are reflected due to the repulsive Coulomb interaction.
The betatron amplitude can be estimated as
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with the betatron frequency ³Vµ·¶  ¡ . The combination of both equations with the
assumption 5z¤ M leads to an estimation of the transverse temperature for a given
longitudinal temperature
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At the experimental conditions (   Be  at TSR), a longitudinal temperature of
m
n
#
 K leads to
m

¤
 K. For
m
n
#
P
mK a transverse temperature of
m

¤
 K
would be necessary.
2.3 Laser cooling
As shown above, beam cooling means a reduction of the velocity spread of the ion
ensemble. According to Liouville’s theorem, phase-space density is a constant of
motion if one uses only conservative forces. Hence, one way to achieve beam
cooling is the use of velocity-dependent friction forces. This force must be able to
accelerate ions moving too slow as well as decelerate ions moving too fast. At the
storage ring, two methods are used to compress phase-space: electron cooling and
laser cooling. For electron cooling the hot ion beam is merged with a cold electron
beam. Through Coulomb collisions between ions and electrons, the electron beam
acts as a heat sink for the ion beam. Ions moving to slow are accelerated by the ion
beam and vice versa. The mean velocity where the revolving ions are drawn to is
determined by the velocity of the electron beam. In our experiments, the electron
cooler is used to precool the hot ion beam right after injection before starting laser
cooling. A more detailed description of electron cooling is given in Appendix A.
On the other hand, laser beams being resonant with an atomic transition of the
stored ion species offers an elegant way to apply friction forces to the beam.
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2.3.1 Longitudinal cooling
Laser cooling exploits the resonant light pressure force acting on ions or neutral
atoms while interacting with photons [Metcalf and van der Straten, 1994]. Dur-
ing repeated absorption and emission processes the atom experiences momentum
exchanges with the photons. While the momentum transfer during an absorption
process always takes place in direction of the laser beam, a spontaneous emission
emits the photon statistically in any direction. Therefore, the mean momentum
transfer over many emission cycles vanishes (
op»
¼
*
r q
	
 ). For the absorption pro-
cess however, the mean transferred momentum becomes
o
*
[
q
	
»
¼
*
r
. The resulting
force acting on the ion is the product of the momentum transfer and the scatter-
ing rate ½@.}¾7¿
3
for a given laser frequency ¾7¿ which corresponds to a Lorentzian
function:
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(  : natural line width of the transition, ¾ L : atomic transition frequency at rest,
À
:
saturation parameter). For an ion moving with a velocity
*
0 the Doppler effect leads
to a shift of the transition frequency in the laboratory frame: ¾É¿Ê	yË|.Ì¾ L f *
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Hence, one gets a velocity-dependent laser cooling force
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with WÊ. 0
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. For laser cooling at a storage ring the laser is
superimposed with the ion beam only over a fraction Ó of the whole ring circum-
ference. Thus, the ring-averaged cooling force becomes + Í_Ôj¨Õ	ÖÓ× + ÎÍe . A plot of
the force profile for
 
Be

ions is shown in figure 2.5.
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Figure 2.5: Calculated laser force profile in velocity space for the case of   Be f
ions in the storage ring TSR. The velocity range in which the laser force is notably
present is roughly 150 m/s.
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In case of a copropagating beam, one attains an accelerating force. As men-
tioned above, beam cooling requires the existence of both accelerating and decel-
erating forces. Hence, an additional counterforce has to be applied. First cool-
ing experiments at TSR were performed with an induction accelerator (INDAC)
[Ellert et al., 1992]. This device exploits the transformer principle to generate a
counter force: According Faraday’s law, a linear current ramp in a coil covering
the beam pipe leads to an induction voltage in the second coil which is in our
case the ion beam itself. This induction voltage leads to a constant accelerating
or decelerating force acting on the ions whose strength depends on the slope of
the current ramp. Together with the laser interaction, the resulting cooling force
profile is shown in figure 2.6 Since the maximum current in the primary coil must
F
v
0
F
v
aux
*lv
capture range
Figure 2.6: Laser cooling with a constant counter force as provided by the in-
duction accelerator. The velocity 0Ù denotes the stable point of the cooling force
where the ions are drawn to. The second zero crossing 0 ª is an unstable point.
Ions are pushed apart from it.
not exceed a given limit, the counterforce can only be generated for a limited
amount of time. One therefore has to find a compromise between the strength
of the counterforce which determines the cooling rate and the time this force can
be generated. A comparably week counterforce of + Íe=Ú]  meV/m would lead
to a maximum cooling time of 10 seconds while a force of  PÛ meV/m lowers
this limit to less than 60 ms. Hence, a detailed investigation of long-term beam
dynamics during cooling is not possible.
In this work, two more elegant methods are presented to realize a counter
force. On the one hand we make use of an external longitudinal confining potential
achieved by beam bunching as presented in chapter 3. A counterforce can also be
realized by applying a second counterpropagating laser which leads to a force
profile depicted in figure 2.7. Experiments using this scheme are presented in
chapter 4.
Both force profile have a stable point 0Ù in velocity space where the cooling
force vanishes. Due to the negative derivative (  +   0zÜ  ), ions are drawn to this
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Figure 2.7: Calculated cooling force of an optical molasses consisting of a co-
and a counterpropagating laser with respect to the ion beam.
point in velocity space. The slope at this point determines the cooling rate (see
section 2.2).
While the maximum laser force can become very strong (the maximum ac-
celeration being achieved corresponds to roughly Þ=ß !) the velocity range of
#

m/s in which the cooling force is apparent is comparably small. This width
also defines the capture range of the cooling force. Since velocity changes due
to hard intra beam Coulomb collisions can be on the order of 1000 m/s this prop-
erty of the cooling force has a major influence on the cooling dynamics which is
discussed in the next chapter.
However, it is possible to extend the capture spanning a broader velocity
range by exploiting the rapid adiabatic passage technique described in detail in
[Wanner et al., 1998]. For this purpose, ions are repeatedly accelerated and de-
celerated by passing a set of high-voltage drift tubes as shown in figure 2.8. In
the comoving frame of the ions, these velocity changes correspond to frequency
chirps of the cooling laser which lead to an excitation of ions in a broad velocity
range. This effect leads to a modified laser force as depicted in figure 2.9.
Another possibility is the direct modification of the frequency profile of the
laser using a comb of frequencies produced by an acousto-optical modulator. This
cooling scheme has also been demonstrated at TSR [Atutov et al., 1998].
2.3.2 Transverse cooling
So far, a laser superimposed with the ion beam directly cools only the longitudinal
degree of freedom (figure 2.10). A direct cooling of the transverse degrees of
freedom using additional laser beams installed perpendicular to the direction of
motion is practically impossible: On the one hand, the interaction time of some
picoseconds would be far too short to achieve efficient beam cooling. On the
other hand, the use of perpendicular laser beams would be extremely sensitive
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Figure 2.8: Calculated potential profile of the drift tube section for the realization
of a rapid adiabatic passage. The repeated velocity changes of passing ions leads
to a broadband excitation which is exploited as a capture range of the laser force.
to small angle deviations. Even an angle misadjustment on the order of àRáÒ#

G
âã
rad would lead to a Doppler shift of roughly one atomic resonance width
( à ³ #ä  MHz), so that the ion would no longer experience the laser force.
However, cooling of the transverse degree of freedom can be indirectly
achieved exploiting coupling mechanisms between the longitudinal and trans-
verse directions. As described in section 2.2.2 IBS permanently leads to a ther-
mal relaxation between all degrees of freedom. In this system, the longitudinal
very efficiently cooled degree of freedom acts as a heat sink for the transverse
direction. Therefore, the relaxation process also leads to a reduction of the trans-
verse temperature [Miesner et al., 1996b]. The coupling and thus the transverse
cooling rate strongly depends on the collision rate of the ions. This rate itself
depends on the ion density. Hence, this cooling mechanism is a multi-particle
effect and becomes inefficient for very dilute beams. In addition, for a beam
crystallization one expects a complete disappearance of IBS which also stops
transverse cooling. Therefore, the observation of Coulomb ordering requires a
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Figure 2.9: Calculated laser force profile using the capture range extension. Even
ions far away from the laser resonance in velocity space still experience a light
pressure force.
single-particle cooling mechanism. Such a cooling mechanism has been realized
in [Lauer et al., 1998, Lauer, 1999, Grimm et al., 1998]. This method employs the
coupling through the storage ring dispersion (see section 2.1) in connection with
the horizontal gradient of the longitudinal laser cooling force. Figure 2.11 shows
in two extreme cases the influence of the dispersion on an ion performing betatron
oscillations around its closed orbit while changing the longitudinal momentum by
photon absorption. In the first case (a), the ion changes its momentum at the outer
turning point of the oscillation. The shift of the closed orbit leads to a damping of
the betatron amplitude. In picture (b) the ion absorbs a photon being on the oppo-
site turning point of the oscillation. The ion is accelerated which leads to the same
orbit shift as in the first case. This leads to a driving of the oscillation. The first
process corresponds to horizontal cooling and can be preferred against the second
process by a horizontal shift of the Gaussian intensity laser profile outwards with
respect to the position of maximum intensity of the ion beam. A shift of the laser
inwards therefore leads to a heating of the beam. The maximum cooling or eating
rate can be achieved with a horizontal laser shift corresponding to a half Gaussian
beam waist ( ¾ L  ' ). Since a storage ring has only a notable dispersion in the hor-
izontal degree of freedom, the presented cooling method would be limited to this
direction. However, it is possible to couple both transverse degrees of freedom
through linear betatron coupling [Bryant, 1994]. In this case the horizontal and
the transverse tunes are equal due to an adjustment of the magnetic ring lattice. In
the following, this 3D cooling method is called dispersive cooling.
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Figure 2.10: Heat transfer of a cooled ion beam. For transverse beam cooling,
the ring dispersion can be exploited providing a coupling between the longitudinal
and the transverse degree of freedom. Full 3D cooling is realized using linear
betatron coupling.
2.4 Experimental techniques
The experiments are performed at the Heidelberg Test Storage Ring (TSR) with
singly charged
 
Be

ions at an energy of 7.3 MeV which corresponds to 4.1%
of the speed of light. A ring circumference of 55.4 m leads to an ion revo-
lution frequency of 225 kHz. A typical ion current after multi-turn injection
[Bisoffi et al., 1990] of 1 ã A corresponds to å ions in total. The lifetime of the
x∆
p∆
p∆
x∆
s
}
x
outward
inward
orbit
}
x
outward
orbit
s
(a) (b)cooling heating
inward
Figure 2.11: Dispersive cooling principle. A longitudinal change of momentum
leads to a shift of the closed orbit which can be exploited to damp (a) or drive (b)
the transverse betatron oscillation.
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stored beam limited due to collisions with rest gas atoms is about 30 seconds at a
vacuum of     ªª mbar.
2.4.1 Laser system at 300 nm
For laser cooling, one uses the u
À
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uZç
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æ
u
transition with a wavelength of
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nm at rest. The corresponding level diagram is shown in figure 2.12.
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Figure 2.12: Term scheme of   Beryllium  . For laser cooling, the transition
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beam energy of 7.3 MeV corresponding to a velocity of  G '     å m/s ( #   G ðîñ )
leads to a Doppler shift of 12.83 nm. Due to a ground state hyperfine splitting
of 1.3 GHz (in laboratory frame) a second accordingly detuned laser system is
needed to avoid optical pumping between both states. Note, that the u è
¯
æ
u
level
is also hyperfine split in 4 levels. However the splitting of these levels is less
than 4 MHz which is smaller than the natural line width of the cooling transition,
so that these lines cannot be resolved. The wavelengths are generated by two
Argon-ion lasers (Coherent INNOVA 200 and 400) with an output light power of
about 90 mW each (figure 2.13). In order to achieve stable cooling conditions the
master laser is frequency locked against an ultra-stable Helium-Neon laser by a
Fabry-Perot resonator [Becker, 1992, Gruber, 1993]. The detuning between the
master and the slave laser is stabilized by a direct measurement of the beating
signal of both superimposed laser beams with a fast avalanche photodiode. The
measured frequency is compared with a local quartz oscillator in order to produce
an error signal which is used to change the frequency of the slave laser accordingly
[Schu¨nemann et al., 1999]. The merged laser beams go through a telescope such
that the focus is exactly in the middle of the cooling section in the storage ring. A
change of the lens configuration makes it possible to adjust the laser beam waist
in the experiment section. The overall distance between the laser system and
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Figure 2.13: Basic laser setup. Two argon ion lasers at 300 nm with a relative
detuning of 1.3 GHz are superimposed in order to avoid optical pumping between
the hyperfine-split ground states.
the ring section is about 23 m. Due to mechanical vibrations and changes in the
refractive index of the air the laser beam shows position fluctuations that cannot
be neglected. To suppress these fluctuations and to precisely position the beam we
use an active regulation system consisting of a set of piezo mirrors and position-
sensitive photodiodes [Wernøe, 1993]. The achievable positioning accuracy is
about 100 ã m. With this technique it is possible to attain an overlap with the
ion beam of more then 5 m.
2.4.2 Beam bunching
For laser cooling, an additional conterforce has to be provided. One method
to realize this counterforce is beam bunching where the ions are longitudinally
confined in a pseudopotential. Beam bunching is a well-established method
for the generation of ion beams moving in separate particle packets (bunches)
[Wille, 1996]. For beam bunching in a storage ring, ions pass a longitudinal
electrical radio frequency field tuned at a harmonic
¼
of the ion revolution fre-
quency ³  "}Ô ( ³  ﬃò	 ¼ ³  "}Ô ). Usually, the RF field is applied by a dedicated resonant
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bunching device [Blum, 1989] which is limited to the use of sinusoidal potentials.
For our purposes, non-sinusoidal waveforms have been applied to a non-resonant
kicker device. This device consists of a pair of parallel plates with a length of
ó

'R
cm as shown in figure 2.14. Each kicker plate is set to the same potential,
ion beam
rf signal
Figure 2.14: Experimental setup for beam bunching using non-resonant kicker
plates.
so that ions only experience forces along the beam axis exploiting the stray fields.
Due to these stray fields ions effectively see a longer set of plates expressed by
the effective length
ó
}ô . This length can be indirectly measured using Schottky
analysis as explained in Appendix A.
Ions enter the pair of plates at the voltage õX. 
3
and leave at õX.  f W  3 , where
W
 is the time needed for passage. Therefore, the ions run through a net potential
difference WõX.  3 	ÒõX.  3P{ õX.  f W  3  õî.  3 W  assuming W  to be short. This re-
sults in a phase-dependent, ring-averaged force +  öò.  3 	 ¶ WõX.  3 T in the longi-
tudinal direction ( T : ring circumference). With the relation  .F6 3 	yËEubÓ ¼ 6V@. ³  öòFT 3
between time and the longitudinal position 6 in the comoving frame ( Ë÷  : rel-
ativistic parameter,
¼
harmonic number, Ó machine parameter) one calculates the
position-dependent force
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Furthermore, one can ascribe a longitudinal pseudopotential to this force:
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Note that the pseudo potential corresponds to a simple linear transformation of
the applied RF-voltage, and the shape of the potential reflects the RF-waveform.
The bunching frequency defines the synchronous velocity 0 ﬃùjkúÌﬂX	 ³  öò8Tû
¼
of the
pseudopotential moving in the ring. The harmonic number determines the number
of bunches per round-trip and therefore the bunch length ®ﬃkú"ﬂû	ÖTû
¼
.
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In chapter 3 we investigate the influence of different potential shapes on the
efficiency of laser cooling. Besides the sinusoidal potential we made use of ded-
icated barrier buckets that are of particular interest to study the dynamics of
the cooling process [Eisenbarth et al., 2000a]. The barrier potential consists of
a square-well potential which longitudinally confines the ions, and a bottom of
constant slope in order to counteract the laser force. A plot a typical potential
and the corresponding force is shown in figure 2.15. In contrast to sinusoidal po-
HF
F
s
s
V
Figure 2.15: Schematic picture of the barrier bucket potential consisting of a
square-well potential an a bottom of constant slope. The corresponding resulting
force profile is plotted below.
tentials, the barrier bucket provides a constant, position-independent counterforce
for the confined ions. Therefore, it is possible to produce a laser-cooled ion en-
semble with an almost constant longitudinal ion density. This would correspond
to a coasting chopped ion beam. This waveform is of particular interest for the
observation of Coulomb ordering. The longitudinal ion distance being a criti-
cal parameter for the crystallization (see section 2.2.4) is also constant inside the
bunch. The combination of the laser force and the counter force produced by the
potential slope form an unstable equilibrium: even slight changes in the cooling
condition have a strong influence on the longitudinal ion distribution which makes
this method to a sensitive tool to investigate the cooling dynamics.
While cooling in barrier buckets only compresses the ensemble in velocity
space, a sinusoidal potential also compresses the longitudinal spatial distribution.
However, an increase in the number density leads to an unavoidable increase of
intra beam scattering which further contributes to the heating rate in this system.
Ions confined in barrier buckets perform an an-harmonic oscillatory motion
in the comoving frame. The longitudinal phase-space diagram for particles with
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separatrix
Figure 2.16: phase-space trajectories of a bunched ion
different kinetic energies is depicted in figure 2.16. Ions confined in the bucket
are reflected at the bucket walls. Without any cooling, the potential slope leads
to a biasing of the motion towards the right wall. Ions with velocities larger then
the bucket acceptance are not trapped in the potential and perform an unbound
motion. The trajectory between both types of motion is the separatrix.
Figure 2.15 and 2.16 take into account that the potential walls have finite
slopes in reality. This comes from the fact that for fast voltage steps as it is the
case for barrier buckets the approximation üý þ ßý pü is no longer valid.
The ions are therefore “smoothly” reflected at the walls which results in the arc-
shaped trajectories at the potential borders. For sinusoidal potentials, ions with
small amplitudes oscillate in a nearly harmonic potential which results in a single
velocity-independent synchrotron frequency
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For the rectangular waveform, the oscillation frequency depends on the dif-
ference ü(  (	)+* -, ( 
.0/ of the ion velocity and the synchroneous veloc-
ity: 13254

ü(76 
ﬂ
$98
 with the duty cycle
8
corresponding to the on-off ratio
of the square-well waveform. The maximum frequency limited by the bucket
acceptance is about 100 Hz assuming a typical potential depth of ý  :<; V.
This leads to a maximum velocity deviation from the synchronous velocity of
ü(	=?>A@
 B	CD;E; m/s. The synchrotron frequency is several orders of magnitude
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Figure 2.17: High voltage drift tubes are installed at the position of the photo-
multipliers in order to locally accelerate or decelerate the ions.
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2.4.3 Diagnostic tools
The various diagnostic tools presented in the following allow the observation of
the complete three dimensional phase space. The data acquisition system to ac-
tually record and store the signals for further data analysis is described in Ap-
pendix B.
Fluorescence measurement
The fluorescence light produced by the ions in resonance with the cooling laser
is measured with two photomultiplier tubes installed perpendicular with respect
to the beam pipe and 2.3 m apart from each other. The count rate corresponds
directly to the number of ions in resonance with the laser. This tool can be used
to optimize the overlap between the laser and the ion beam by maximizing the
fluorescence count rate. Furthermore, the use of two photomultipliers allows to
minimized the angle between both beams. This method leads to an angle accuracy
of better then 100 Q rad. In addition, a set of cylindrical high-voltage drift tubes
installed around each photomultiplier are used to locally accelerate or decelerate
then ions through electric fields (figure 2.17). The velocity change of the ions
üR(

ﬀ
ý
G0S
F

6UTWV leads to a changing Doppler shift of the absorption frequency. In
the comoving frame the ions experience a shift of the laser frequency. A voltage
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ramp applied to the drift tubes therefore corresponds to a continuous sweep of the
laser frequency. During this sweep every velocity class of the longitudinal thermal
ion distribution becomes locally resonant with the laser. The number of ions for
a given velocity is measured through the particular fluorescence rate. With this
so-called HV-scan the whole longitudinal velocity distribution can be measured.
For one measured cycle a typical voltage ramp goes from -1.5 kV to +1.5 kV in
100 ms corresponding to a scan range of 1300 m/s in velocity space.
For the resulting velocity profiles one has to consider the use of a bichromatic
light field driving two atomic transitions. Figure 2.18 shows the physical situation
in the comoving frame of the ion. The atomic resonance frequencies are drawn
1.3 GHz
f
t
laser
Figure 2.18: The use of a bichromatic light field and two atomic transition fre-
quencies leads to a characteristic three-peak structure during a HV-scan (see
text).
as dashed horizontal lines. Both laser frequencies being scanned show up as di-
agonal solid lines. Each intersection of both lines corresponds to a fluorescence
peak in the spectrum. The resulting plot is shown below and consists of a middle
peak and two crossover side peaks. The distance between the peaks corresponds
exactly to the hyperfine splitting and is used to calibrate the spectrum. The longi-
tudinal temperature can now be calculated from the X -width of the middle peak.
Mathematically spoken, the observed profile represents a convolution of the ac-
tual velocity distribution with the the Lorentzian-shaped absorption probability
of the atomic transition. For a Gaussian velocity distribution, the resulting curve
would be a Voigt profile. It turned out that due to the small natural line width in
comparison with the Doppler broadening the convolution effects only play a role
for very low temperatures ( Y C<; mK) and have been neglected in the temperature
measurements presented in this work.
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Pickup measurements
For a coasting (unbunched) beam it does not make sense to measure the longitu-
dinal spatial ion distribution which would be a constant. However, for a bunched
beam separate ion packets (bunches) revolve in the storage ring confined by an
external potential (see next chapter). At a given location of the ring, one observes
a fluctuating ion current due to the separate bunches passing by. The longitudinal
ion distribution inside a bunch giving valuable information on the cooling pro-
cess can be measured with an electrostatic pickup device [Albrecht, 1993]. The
pickup consists of a short metal tube (length Z \[ cm) enclosing the ion beam
(figure 2.19). A changing ion current influences mirror charge fluctuations which
PC
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oszilloscope
storage
L
ion beam
Figure 2.19: Experimental setup of the electrostatic pickup system to measure the
longitudinal ion distribution.
can be measured as a voltage signal over a very large resistor ( ]_^ ﬂ M ` ). The
charge fluctuations in the metal ring are calculated as
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For short times of flight ü through the metal ring (in our case üþeM ns) an
integration delivers
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with
$
B
ﬂ
; pF as the capacitance of the whole system. The spatial ion distribu-
tion therefore corresponds to the measured voltage signal in the time domain. The
voltage is amplified and fed to a digitizing scope which can be read out by a PC.
Since this method is non-destructive the ion distribution can be monitored online
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during the cooling process. The pickup device has a electronic high-pass charac-
teristic with a cutoff frequency of B 6<]
$
þ
C<; kHz (3 dB point). For data analysis,
this behavior has to be corrected by performing a Fourier transform and applying
an inverse response function to compensate the damping of high frequency com-
ponents. A subsequent back transform delivers the actual ion distribution. A more
detailed description of the correction is given in [Mudrich, 1999].
Beam profile monitor
The transverse degree of freedom can be observed with the beam profile monitor
(BPM) [Hochadel, 1994a]. At a given location of the storage ring it is possi-
ble to measure the horizontal and vertical density distribution of the ion beam.
From these data one can determine the emittances or transverse temperatures re-
spectively using the known jk ml function at this position. For the measurement,
one makes use of the restgas atoms in the vacuum pipe that are ionized through
collisions with the ion beam. The rate for this process depends on the beam den-
sity at a given position. The ionized atoms are accelerated by an electric field
( nEop  M ; kV/m) towards a micro-channel plate detector where they can be spa-
tially resolved. The measured distribution of restgas ions corresponds to the shape
of the beam. At this point, one has to consider that the BPM has a limited spatial
resolution due to its function principle. Even for an infinitely narrow ion beam
one measures a Gaussian profile with a limited resolution width X J


, which relies
on the fact that the recorded restgas ions have a thermal energy of about room
temperature. During the drift from the position of ionization to the micro-channel
plate, the thermal motion leads to a smear out of the initial transverse positions.
Hence, the measured distribution is a convolution of the actual transverse ion beam
profile and the resolution width of the BPM. Since the beam profile of a cooled
ion beam also has an almost Gaussian shape, the actual width X)+*  can is deter-
mined by quadratic subtraction of the measured width X=

>
 and the resolution
( X

)+*


X

=

>

,
X

J


. The resolution width can be determined by extrapolating the
BPM measurements of long-term electron cooling measurements [Lauer, 1999].
A typical value for the resolution width is X J


þ
;
'
: mm. The uncertainty of the
transverse temperature resulting from the measurement itself and the subtraction
of the resolution width can be estimated with 150 Kelvin.
Due to the good vacuum of CrqIBs;utWv3v mbar, the BPM count rate becomes
very small especially for low density beams. The count rate could be increase by
locally heating the beam pipe around the position of the BPM to about 60 w Celsius.
This leads to a desorption of particles from the inner surface increasing the number
of restgas atoms. One achieves this way an increase of the count rate by a factor of
ten. On the other hand, the lifetime of the ion beam is reduced by a factor of two
due to the worse the vacuum. However, this reduction is practically no limitation
30 Chapter 2. Basics of ion beam cooling
for the cooling experiments.
beam
ion
horizontal detector
vertical detector
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Figure 2.20: Schematic picture of the beam profile monitor (BPM). Restgas atoms
ionized by the ion beam are accelerated in an electric field towards a multi-
channel plate detector to be spatially resolved.
Recently, a new magneto-optical trap was install at the storage ring which
turned out to be an extremely sensitive target for the ion beam [Luger, 1999,
Eike, 1999, Eike et al., 2000]. This device will make it possible to measure low-
density beams with much better statistics and an improved spatial resolution.
Schottky noise analysis
A coasting beam offers an additional possibility for a non-destructive measure-
ment of the longitudinal velocity distribution relying in Schottky noise analysis
[Boussard, 1995].
For a single particle circulating in the storage ring (charge x , revolution period
y
zB
6E{ ) the beam current, at a given location in the ring, is composed of an
infinite train of delta pulses separated in time by y as shown in figure 2.21. In
frequency domain, this periodic waveform is represented by a line spectrum, the
distance between lines being { }| 6 ﬂ	ﬃ .
~
 

x<{W

s
t

ﬀ
UD (2.23)
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T+  T∆
Fourier transform
η∆f/f=      p/p∆
revolving ion
U(t)
t
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f
n   f. rev
Figure 2.21: Principle of Schottky analysis. One revolving ions produces a series
of delta spikes in an electrostatic pickup device reflecting its revolution frequency.
An ensemble of ions produces a noise signal. A Fourier transform leads to the dis-
tribution of revolution frequencies and therefore the velocity spread of the beam.
Looking at positive frequencies only:
~
 
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For  particles randomly distributed along the ring circumference and moving
with different revolution frequencies, each line at frequency L{ will be replaced
by a frequency band (Schottky band) whose width is simply
ü{

L{V
gs
üT
T
'
(2.25)
{	V is the average revolution frequency and

the so-called slip factor, a machine-
specific parameter (
D7
;
'P
[C ) [Hofmann and Kalisch, 1996]. Hence, the fre-
quency width is proportional to the relative longitudinal momentum spread üT6ﬁT
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of the ion beam. From the momentum spread one can directly calculate the longi-
tudinal beam temperature. When averaging equation 2.24 over N particles, only
the DC terms remain ( ~W  rx<{V ), the other components cancel due to the ran-
dom phase factor. However, the r.m.s current per frequency band which is given
by the sum 
~
U

ﬂ
xE{	V	 
Ł E¢¡
v

Ł<¢¡


gsgsg

Ł E¢¡s£
3¤

(2.26)
does not vanish because of the
Ł E¢¡

terms. One obtains:
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Thus, the spectral power density

~


per frequency band is proportional to the
number of ions in the ensemble.
Due to technical reasons (bandwidth limitations of the used amplifier, fre-
quency properties of the pickup device) all experiments used the 15th harmonic
of the revolution frequency ( |
v5§
G
/r¨©:
'
B MHz). Note, that Schottky noise anal-
ysis can only be used for a coasting beam. In a bunched beam, the revolution
frequency of the ion packets lead to a huge peak in the frequency spectrum which
makes it almost impossible to derive informations on the longitudinal velocity dis-
tribution. However, with this method it is possible to measure the frequency of the
ions oscillating in a harmonic bunch potential (synchrotron oscillation) which is
described in Appendix A.
2.4.4 Time scheme of the cooling procedure
The time for one cooling experiment is typically about 2 to 4 beam lifetimes (50–
200 s). During laser cooling the steady state for the longitudinal degree of freedom
(direct laser cooling) is reached after roughly 1 ms. Since much lower cooling
rates for the transverse cooling process (indirect cooling through collisions and
ring dispersion) are achieved, the time for relaxation of these degrees of freedom
is in the order of seconds. The longer cooling times are used to observe the in-
fluences of the decreasing particle number on the cooling process. Many of the
presented diagnostic methods are performed in parallel. Hence, it is possible to
get a full picture of the 3D phase-space development during the cooling process.
A typical scheme of the experimental timing is shown in figure 2.22. Right af-
ter beam injection, the ions are precooled for 6–12 s by the electron cooler from
initial temperatures of roughly 20,000 K down to room temperature. During the
subsequent actual laser cooling phase the fluorescence count rate is permanently
recorded. HV-scans, beam profile and pickup measurements are periodically per-
formed at well-defined times. The repetition rate for the Schottky noise analysis
is limited by the time needed for transferring the data to the computer. During
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Figure 2.22: Experimental timing during a typical cooling experiment.
bunched cooling (chapter 3) the radio frequency field was on for the complete
measurement cycle. The statistical errors are minimized by averaging over 3–10
injection cycles. Note, that this averaging is not possible for the observation of the
anomalous beam behavior as presented in section 3.3. In this case, the beam be-
havior strongly differs from injection to injection so that averaging does not make
any sense.
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Chapter 3
Anomalous behavior of laser-cooled
bunched beams
This chapter investigates laser cooling of bunched beams, where the ions are lon-
gitudinally confined by a pseudopotential and its corresponding force counter-
acts the laser. First experiments of bunched laser cooling using sinusoidal bunch
potentials were performed at the ASTRID storage ring [Hangst et al., 1995b].
This cooling scheme was further investigated at TSR [Madert, 1995, Luger, 1996,
Miesner et al., 1996a] and extended to efficient three-dimensional cooling using
the dispersive cooling method [Lauer et al., 1998].
Here, new systematic measurements on the cooling process in non-sinusoidal
bunch potentials are presented. The use of a sinusoidal confining bunch potential
leads to an inhomogeneous longitudinal ion density distribution. As described
in section 2.2.4 the observation of Coulomb ordering however strongly depends
on the ion distance which is not constant in a sinusoidal bunched beam. There-
fore, laser cooling was investigated in novel dedicated bunch potentials called
barrier buckets (section 2.4.2). Experiments were performed in order to examine
and compare the cooling dynamics of three different bunch potentials: sinusoidal
potential, barrier potential and a pure square-well potential. In addition, newly
developed simulations including the effect of hard Coulomb collisions give a very
clear picture on the physics of laser cooling of fast ion beams. At very high phase-
space densities one observes a sudden change of the beam behavior which clearly
shows an abrupt disappearance of intra beam collisions.
3.1 Laser cooling of bunched beams
Figure 3.1a) shows the calculated phase-space trajectory of an ion in a barrier
bucket experiencing the laser force in a frame moving with the synchronous veloc-
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ity. The ion experiences a position-dependent force resulting from beam bunching
which plot above the graph. The velocity-dependent laser force is depicted verti-
cally on the right side. During an oscillation cycle, the ion is drawn over the laser
resonance. In the case shown, the laser counteract the ion motion. This leads to
a damping of the oscillation. The laser therefore acts as a friction force. Note,
that during the first oscillation cycles the ion interacts with the laser for very short
time. Hence, the damping of the oscillation is small. After several cycles the in-
teraction time becomes gradually longer and longer until the ion is drawn to the
synchronous velocity ( üR( ª; m/s) in an over-damped motion. The oscillation
can also be driven by the laser force if the ion comes in resonance at positive
deviation from the synchronous velocity as shown in figure 3.1b).
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Figure 3.1: Phase-space plots of a bunched ion cooled (a) as well as heated (b)
by the laser force.
Depending on the laser position in velocity space with respect to the ion mo-
tion it is possible to either heat or cool the beam longitudinally. Because the ex-
perimental setup uses fixed-frequency lasers, the position of the laser with respect
to the bucket can be adjusted by changing the synchronous velocity, which de-
pends on the bunching frequency. A shift of the bunching frequency corresponds
to a shift of the velocity zero line in the shown phase-space diagrams.
In this system two velocities are defined: the synchronous velocity ( 
.«/ de-
fined by the bunching frequency and the “stable velocity” ( 
G
>
F.¬

determined by the
equilibrium of the laser force and the counterforce ­ 0¬ *3®

which is produced by the
slope of the barrier bucket (figure 3.2). A mismatch between both velocities leads
to an additional constant force ­¯=!)  acting on the ion. During the cooling process
the ion in this case pushed towards the front or the rear bucket border depending
on the sign of the force. In another picture, an ion is cooled to the stable velocity.
The bunch potential however moves with the synchronous velocity. Hence in the
comoving frame the ion is pushed towards one of the bucket boundaries.
For a set of ions distributed around a velocity one has to use the mean values.
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Figure 3.2: A mismatch between the stable velocity ( 
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and the synchronous
velocity ( 
.«/ leads to an additional constant force ­¯=!)  acting on the ion.
Therefore the mean mismatch force acting on the ion ensemble is calculated as
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with the friction coefficient ° . In the experiments the mismatch force leading
to inhomogeneous longitudinal ion distributions can be avoided by adjusting the
bunching frequency, so that the synchronous velocity exactly matches the stable
velocity.
3.2 Systematic measurements & comparison with
simulations
3.2.1 Longitudinal dynamics: observations
To introduce the concepts of laser cooling in bunched beams, we first show some
typical results. The experiments presented here were done with barrier buckets.
The experiments were performed at a laser power of ± ¨

; mW at a laser beam
waist of ²³V÷þ B
'PO
mm. For optimum dispersive cooling of the transverse de-
grees of freedom a relative ion-laser beam offset of ü´  M ;E; Q m was chosen.
Beam bunching was done at the third harmonic of the ion revolution frequency
( 	JKµ M
O
M kHz). The detuning of the bunching frequency with respect to the laser
velocity was ¶ ·h¸ Hz which turned out to be the optimum values to achieve
efficient longitudinal cooling.
As described in chapter 2 the longitudinal velocity distribution is measured
with the HV-scan method. A typical picture is shown in figure 3.3 (very left plot).
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The velocity distribution shows the typical three-peak structure due to the hyper-
fine splitting as explained in 2.4. Theoretically this structure could be deconvolved
in two steps. In the first step the spectrum is corrected considering the bichromatic
Figure 3.3: The measured HV-scan is deconvolved in two steps. Since this process
is numerically unstable the data has been fit by a et Gaussian functions. The
actual velocity distribution derived this way is shown in the very right plot.
laser field with the values of the laser frequency widths and their relative detun-
ing. This leads to a two-peak structure (second plot) reflecting the two hyperfine
ground states of Beryllium. A second deconvolution with the atomic three-level
scheme then leads to the actual longitudinal velocity distribution of the ion en-
semble (third plot). However it turned out that the two step deconvolution process
carried out with experimental noisy data sets is numerically rather unstable. Even
slight differences between the experimental and the assumed laser detuning for
example leads to an oscillation in the resulting profile. This can also be observed
in the presented calculation. The determination as well as an analysis of the distri-
bution shape is therefore almost impossible. To avoid these problems the original
data was fit with a sum of six Gaussian distributions. For the fit procedure certain
parameters such as the position of the peaks are kept fixed. In addition, the width
of each peak should give the same velocity spread. These restrictions improve the
numerical stability of the fit. From the result the actual velocity distribution can
be derived (figure 3.3, very right plot)
Figure 3.4 shows the longitudinal velocity distribution measured with the HV-
Scan method as well as the corresponding spatial ion distribution in the bunching
potential observed with the electrostatic pickup. The data on the right side corre-
sponds to the same cooling conditions as on but with the use of the capture range
extension (see section 2.3). The plot shows the ion distribution 5 seconds after
starting laser cooling. From this plot one extracts a characteristic two-component
distribution: The velocity ensemble consists of a narrow and peak with a width on
the order of 10 m/s as well as a broad pedestal covering a velocity range of about
1000 m/s. In addition, one notices an asymmetry of the peak. The peak shows
a sharp edge on the left and a smoother decrease on the right side. The use of
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a) b)
Figure 3.4: Laser-cooled velocity and spatial distributions without (a) and with
(b) the capture range extension.
the capture range extension significantly changes the shape of the velocity distri-
bution (right plot). As described in section 2.3 the capture range extension also
leads to an excitation of ions not being at the resonance velocity of the cooling
laser. Therefore mainly the shape of the broad pedestal of ions not in resonance
with the laser is modified. The use of the capture range extension leads to a com-
pression of the ion background. Ions apart from the stable point in velocity point
are more efficiently drawn to the laser resonance. The velocity width of the peak
is almost unchanged. The temperature derived from the velocity spread of the
peak is
yµ¹
þ
B K without and yµ¹ þ B
'
C K with the capture range extension.
The lower row of figure 3.4 shows the spatial longitudinal ion distribution in
the barrier bunch potential, which is sketched below the plot. Without the capture
range extension one observes an increase of the ion density at the left side of the
bunching potential. For the ions sitting at the left bucket border the laser force
is obviously not strong enough to compensate the counterforce produced by the
potential slope. This is the case for ions being part of the pedestal of the velocity
distribution since these ions are not in resonance with the laser. In the right picture
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measured with the capture range extension one observes an almost constant ion
distribution. The extended laser force in velocity space leads to the situation that
also ions apart from the stable point experience a notable laser force. The ion
ensemble stands in equilibrium with the counterforce produced by the bunching
potential. Therefore, the resulting ion distribution is balanced.
3.2.2 Longitudinal dynamics: model
In order to get a further insight into the ion dynamics and to model the observed
effects, a computer simulation program was written which calculates the ion tra-
jectories in longitudinal phase space. It numerically solves the equation of motion
for arbitrary pseudopotentials and velocity-dependent forces. The repeated cal-
culation of the single-particle motion beginning with a set of different starting
conditions allows the simulation of the phase-space evolution of an ion ensemble.
The influence of the transverse-longitudinal coupling is taken into account using
a Monte-Carlo approach.
Considering only the longitudinal motion of the ions one has to solve New-
tons’s equation of motion
 »º
l

­
JK
 Al	!¼­
¬
>

 
ß
l	 (3.2)
(  : ion mass, l : longitudinal coordinate along the bunch potential). The force ­ JK
produced by beam bunching and the laser force ­ ¬ >  are defined in equation. 2.18
and 2.17 respectively. The above equation represents a second-order non-linear
ordinary differential equation (ODE) which has no analytical solution for arbitrary
bunching potentials. The computer code uses the Runge-Kutta method with adap-
tive step width [Press et al., 1992]. The computation accuracy can be controlled
by a parameter ½ defining the average step width. The value of ½ was optimized, so
that the relative deviation of the total energy after one second of integration time
was below 1%. This values turned out to be a good trade-off between accuracy
and calculation time.
The effect of intra beam scattering (see section 2.2.2) has been included by
a Monte-Carlo model. In particular, the influence of hard Coulomb collisions
with large velocity changes during the scattering process has to be considered
due to the small capture range of the laser cooling force (see 2.3). During the
calculation of a single-particle trajectory the time for the occurrence of a scat-
tering process is randomly determined assuming a given constant scattering rate
¾ which is a free parameter in the simulation. A scattering process changes the
longitudinal velocity of the particle by ¶	( . ¶( is again randomly determined ac-
cording to a given probability function ¿À m¶	(7 . For the probability function we
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set [Miesner, 1995, Lauer, 1999]
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with the cutoff velocity ¶( 
SG
which is needed to normalize the distribution func-
tion. It is the second free parameter of this model. This relation results from
the theory of binary collisions based on Rutherford’s scattering formula. In
[Miesner, 1995] the probability for a collision outside the capture range ( 4 was
calculated as ¿ Ô B 6(

4
. A differentiation delivers ¿Á 5¶(7ÕÔ B 6D¶(
%
. A plot
of the probability function 3.3 is shown in figure 3.5. This model neglects colli-
Figure 3.5: Plot of the probability function ¿À m¶	(Ö used for determining the lon-
gitudinal velocity change after a simulated collision.
sions with small energy transfers which would correspond to a diffusion process.
This assumption is valid due to the fact that only the hard Coulomb collisions no-
tably contribute to the heating rate because of the small capture range. Ions that
have undergone velocity changes smaller than the capture range are immediately
cooled back. The cutoff velocity in this simulation is set to ¶( 
SG
×BØ; m/s which
is smaller than the velocity spread of the laser force.
Typical phase-space trajectories of a single laser-cooled ion are shown in fig-
ure 3.6. The plots show the cooling dynamics for a barrier potential. The left
plot shows the particle motion without collisions. The right plot demonstrated the
influence of collisions using the model described above. Without any collisions,
the ion is drawn to the synchronous velocity sitting at the right bucket wall. The
presence of scattering processes leads to a permanent change of the ion velocity
either within or outside the capture range. In the first case the is immediately
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Figure 3.6: Simulated trajectories without (a) and with (b) collisions.
drawn back to the stable point in an over-damped motion. In the latter case the
ion starts oscillation again and it takes several cycles to reach the stable velocity.
These two types of motion (oscillating and over-damped) are the reason for the
experimentally observed two-component distribution in velocity space: the cold
peak corresponds to the particles within the capture range of the cooling force.
The hot pedestal consists of ions that have undergone a hard Coulomb collision
out of the capture range and are now oscillating again. The process of cooling back
these ions takes several oscillation cycles so that one always has a subensemble
of hot ions underlying the cold ensemble being at the stable point of the cooling
force. Furthermore, one can say that the presence of a hot background is a clear
signature for the existence of hard Coulomb collisions in the ion beam. In steady
state, the ratio of the number of ions in the hot and the cold fraction is thereby
determined by the scattering rate and the cooling rate of the laser. The scattering
rate thereby depends on the 3D ion density. The cooling rate is determined by
several experimental parameters: potential shape and depth, bunching frequency
and the laser intensity. Since all these parameters can directly be measured the
two remaining parameters of the simulation (cutoff frequency ¶	( 
SG
& scattering
rate ¾ ) have been fitted to match the experimental data.
The computer model also simulates the influence of the capture range exten-
sion. For this purpose, the laser force profile is modified accordingly to figure 2.9.
This modified cooling force also acts on ions not being at the stable point. There-
fore, scattered ions that oscillate in the bucket can be faster cooled back. In steady
state, this leads to a compression and a reduction of the hot pedestal.
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3.2.3 Longitudinal dynamics: comparison of bunch forms
Furthermore, we investigated the influence of different potential shapes on the
cooling dynamics. Figure 3.7 shows ion distributions in longitudinal velocity and
real space that are cooled in the bunching potentials schematically depicted above
the data.
Figure 3.7: Experimental ion distribution in different bunch potentials.
For the sinusoidal potential the cold peaks are narrower than for the barrier
bucket which indicates a better cooling in the sinusoidal potential. In case of
the pure square-well bucket the peaks are hard to distinguish from the broad
pedestal. The spatial ion distribution in the barrier bucket is homogeneous but
slightly shifted to the left potential wall. This is the result from a misadjustment
of the potential slope with respect to the laser force. For the square-well potential
the ions are pushed against the potential wall. In addition one measures a second
set of ions almost homogeneously distributed along the bunch. The maximum ion
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distribution in the sinusoidal potential is markedly shifted to the left. In addition,
the ion distribution shows a characteristic “shoulder” located near the center of
the potential.
Although the longitudinal velocity distribution of a laser-cooled ion beam is
not in thermal equilibrium it turned out that the spatial distribution LÙ Al	 of an
ion ensemble (longitudinal temperature yµ¹ ) in an external potential Ú

@
G
 ml is de-
scribed by Boltzmann’s law
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Since a temperature in a thermodynamical sense is only defined for an ion ensem-
ble being in thermal equilibrium one has to put in the temperature definition given
in section 2.2.
A potential slope Ú
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l given by the barrier potential therefore
leads to an exponential distribution
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As mentioned above, for an exact equilibrium between ­ 0¬ *3®

and ­ ¬ > 

J ions inside
the bunching potential experience no net forces. The effective external potential
becomes constant ( Ú

@
G
 Al	

Ú¢V ). The ions are therefore homogeneously dis-
tributed in the bunch.
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A sinusoidal potential which can be approximated by a parabola Ú

@
G
 Al	
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l
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for small oscillation amplitudes thus gives a Gaussian distribution
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One has to bear in mind that this description can only be an approximation
due to the obviously invalid assumption of having an ion ensemble being in
thermal equilibrium. In particular the effect of a two component distribution
leads to notable deviations from the theoretically expected density distributions.
It is possible to extend the description assuming that the measured distribu-
tion is a superposition of two ensembles (a hot and a cold one) with different
force conditions. While the background ensemble only experiences the forces
produced by the bunching potential the cold ensemble also interacts with the
laser force. In addition the effect of space-charge is neglected. An exten-
sion of this model would also be possible leading to a Debye-Hu¨ckel approach
[Fowler and Guggenheim, 1956, Eisenbarth, 1998].
A full understanding of the experimental observations is possible with the use
of the computer model. Responsible for the different cooling dynamics is the
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Figure 3.8: Simulated cooling trajectories in different bunch potentials: barrier
bucket (left), sinusoidal bucket (middle) and square-well potential (right). The
plots show the trajectories for equal simulation times.
characteristic motion of a particle in the bunching potentials as simulated in fig-
ure 3.8. The simulation time for the three pseudopotentials as well as the laser
position in velocity space were the same. Also the starting velocities of the ions
were equal. The middle plot shows the situation for a sinusoidal-bunched beam.
Under these conditions, the ion is drawn to the stable point after less than one
synchrotron cycle. The stable point in real space is slightly shifted with respect to
the potential minimum. At this point, the counterforce is in equilibrium with the
laser force. For the pure square-well potential, the ion performs several oscillation
cycles until the stable point is reached. Since there is no counterforce present in-
side the bucket, the ion is pushed against the left bucket border. The motion of the
barrier bucket lies in between the described cases. The final spatial position of the
ion depends on the start parameters (velocity and position). Since there is no lon-
gitudinal position preferred, an ion ensemble will be homogeneously distributed
in the potential. Experimentally, one observes a biasing of the spatial distribution
towards the left bucket border. The comes from a misadjustment of the bunch-
ing frequency which defines the synchronous velocity of the ions and the stable
velocity determined by the laser force and the potential slope.
The cooling dynamics in the three potential shapes therefore mainly differs
in the time needed to cool an ion to the stable point. The time for cooling back
an ion is determined by the average time an ion being resonant with the cooling
laser while oscillating in the bucket. The sinusoidal potential steadily changes the
ion velocity. In contrast, the ideal square-well potential would only change the
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direction of motion while being reflected at the bucket wall. The very short time
when the ion becomes resonant with the laser leads to a weak damping.
The different times needed to cool ions to the stable point explain the ratio of
hot and cold ions in the two-component distribution. The recycling of ions that
have undergone a Coulomb collision in a square-well potential therefore takes a
long time. In steady state, the hot fraction is comparably large. With respect
to the shorter time needed to recool scattered ions in the sinusoidal bucket, the
hot fraction is in this case much smaller. The number of hot ions in the barrier
bucket lies in between. A simulation of a particle ensemble including collisions
as described above is shown in figure 3.9. The used parameters correspond to the
experimental conditions leading to the distributions shown in figure 3.7.
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
ôÓôÓô
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
õ õ õ
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
öÓöÓö
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷
÷ ÷ ÷ øÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓø
øÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓø
øÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓø
øÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓø
øÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓø
øÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓøÓø
ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù
ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù
ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù
ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù
ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù ù
ùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓùÓù
úÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓú
úÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓú
úÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓú
úÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓú
úÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓúÓú
û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û
û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û
û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û
û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û
û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û û
P(
  s
)d 
 s∆
∆
P(
  v
)d 
 v
∆
∆
v (100 m/s)∆
s (m)∆
Figure 3.9: Simulated distributions of laser-cooled ions in different bunch po-
tentials. The simulation parameters correspond to the experimental conditions in
figure 3.7.
The simulation results agree qualitatively with the experimental data. Since
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the simulation considers an optical two-level system and only one laser frequency,
the calculated profiles reflect the actual velocity distribution and do not show the
three-peak structure resulting from the HV-scan. One clearly observes the two-
component structure. Also the asymmetry of the cold peak is visible. The spa-
tial distribution matches the main features of the experimental data but there are
some differences. The simulation also shows a two-component distribution in real
space. This comes from the fact that the hot and the cold subensemble experience
different forces. The hot ions are not in resonance with the laser. Hence, these
ions only experience the forces produced by the bunch potential. This leads to
a constant distribution in case of the square-well potential and a Gaussian shape
for the sinusoidal bucket, which is visible in the plots. The cold distribution be-
ing in resonance with the laser also experiences the light pressure force. Hence,
these ions are pushed to the bucket wall in the rectangular waveform and pushed
slightly out of the potential minimum of the sinusoidal bucket. The sum of both
distributions lead to the described density profiles.
The barrier bucket and the square-well potential show distributions with very
sharp peaks in the longitudinal ion density. The experimental distributions are
much broader. This may rely on the complete neglect of inter-particle effects such
as space charge. The repulsive mutual Coulomb interaction of the ions would
smear out these high ion densities.
The evolution of longitudinal phase space was measured over four beam life-
times to study the long-term dynamics of a laser cooled ion beam. In figure. 3.10
one can compare the temperatures of the cold fraction as well as the ratio of the
cold fraction and the total ion number with respect to the cooling time. This has
again been measured for the three bunch potentials with and without the capture
range extension. While the temperatures for each data set show almost no change
during the cooling process, the fraction of ions in the cold section with respect
to the total ion number steadily increases. The decreasing ion number leads to a
decreasing IBS rate which is responsible for the existence of the hot background
ensemble. Hence, the size of the hot fraction steadily shrinks. It turns out, that the
largest cold fraction is achieved using the sinusoidal bunch potential which leads
to the best recycling rate as shown above. The sinusoidal bunch also leads to the
lowest temperatures of about one Kelvin. The temperatures for the barrier buckets
are slightly above. For the rectangular waveform, the temperature measurement
has a huge uncertainty since it is hard to distinguish between the cold fraction and
the background (see figure 3.7).
3.2.4 Transverse dynamics
The transverse beam temperatures were determined using the beam profile moni-
tor. A Gaussian fit on the horizontal beam profiles together with the storage ring
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Figure 3.10: Time evolution of laser-cooled ion beam under various cooling con-
ditions: The first row shows the fraction of hot ions from the total ion number. The
second row depicts the longitudinal temperatures of the cold fraction.
function j at the position of the BPM allows the calculation of the beam emit-
tance or the temperature respectively. Figure 3.11 shows the time evolution of the
horizontal beam temperatures for the same experimental conditions as discussed
above. The vertical temperatures are exactly equal due a well-adjusted betatron
coupling. Therefore, we will only consider the horizontal degree of freedom.
Each data point was taken at the same time where a measurement of the longitu-
dinal temperature was made in figure 3.10. Due to the low ion beam current, the
count rates of the BPM are very small. This leads to a comparably large scatter-
ing of the transverse temperature data. Without the capture range extension (left
diagram) the temperatures of the sinusoidal and the barrier bucket are almost the
same. Starting at yü þýM ;E; K the transverse temperatures steadily decrease to
yü
þ
ﬂ
;E; K after four beam lifetimes. This again results from the decreasing
heating rate due to IBS with a decreasing beam current. The pure square-well
potential shows significantly higher temperatures of more the
yü
þ
O
;E; K due to
a much lower longitudinal cooling rate. The use of the capture range range ex-
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Figure 3.11: Time evolution of the horizontal beam temperatures during the laser
cooling process in different bunch potentials with and without the capture range
extension.
tension (right diagram) has only little influence on the sinusoidal and the barrier
bucket data. However, the temperatures for square-well potential are noticeably
lower. As already seen for the longitudinal degree of freedom, due to the poor
recycling of hot background ions in the square-well potential the capture range
extension has a strong influence on the overall longitudinal velocity spread. A
smaller longitudinal velocity spread acts as a better heat sink for the transverse
degree of freedom while cooling through collisions.
As a result of the systematic measurements one can say that the sinusoidal
and the barrier bunch potentials give the best results for efficient laser cooling of a
bunched beam. In view of the observation of Coulomb ordering, the barrier bucket
generating constant longitudinal density distributions would be preferred.
3.3 Anomalous beam behavior at extreme phase-
space densities
During laser cooling in a barrier bunched beam and carefully optimized cooling
conditions we observed a dramatic change in the beam dynamics. For a dilute
ion beam, we measured a sudden disappearance of hot background ions accom-
panied be a drop in the longitudinal temperature [Eisenbarth et al., 2000b]. This
effect has been first observed during a beam time in November ’98 and could be
reproduced in several succeeding measurement sessions.
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For the measurements we injected a small beam current of b )+*  þ :E; nA which
corresponds to Bs;<þ stored ions in total. For beam bunching we used our “standard”
conditions: The bunching frequency sJKß M
O
M kHz corresponding to the third
harmonic of the revolution frequency. The applied rf voltage was 32 V   corre-
sponding to a bucket acceptance of 1300 m/s. The voltage slope of 12 V along the
bucket length leads to a counter force of ­ 0¬ *3®

 meV/m. The waist of the laser
beam was ²³V B
'
[ mm with the focus exactly in the middle of the cooling section
of the storage ring. A relative horizontal displacement of 400 Q m ring outwards
with respect to the ion beam leads to weak dispersive cooling. The capture range
extension was permanently in use. The detuning of the bunching frequency ¶ 
has been varied within  1 Hz around ¶ -a; . This variation is in the same order
as fluctuations of the revolution frequency produced by drifts of the storage ring
itself. The occurrence of the abrupt change in the beam behavior was extremely
sensitive to changes in the bunching frequency. A negative detuning directly leads
to a longitudinal heating of the beam and a positive detuning apart from the opti-
mum significantly lowers the cooling rate. So, the effect presented here is a fragile
phenomenon but a reproducible one.
3.3.1 Longitudinal dynamics
A very dramatic example for the sudden anomalous behavior is depicted in fig-
ure 3.12 monitoring the temporal evolution of the fluorescence count rates over
more than five beam lifetimes. The fluorescence rate is measured with two pho-
tomultipliers located at separate drift tube sets (see figure 2.17). The first pho-
tomultiplier ­
v
measures the fluorescence light around a grounded drift tube set.
Therefore, the count rate corresponds to the number of ions being directly in res-
onance with the cooling laser (upper plot). This also corresponds to the number
of ions in the cold fraction of the longitudinal two-component distribution. The
second photomultiplier ­

is located at the drift tube set which realizes the cap-
ture range extension by repeatedly accelerating and decelerating the ions (middle
plot). This leads to the broadband excitation of ions outside the laser resonance.
The count rate measured with this photomultiplier thus corresponds to the number
of ions being part of the hot fraction in longitudinal velocity space.
During the first 90 s the fluorescence rates exponentially decrease which re-
lies on the decreasing ion current due to collisions with restgas atoms. After 90 s
one observes a sudden increase of the fluorescence signal in ­
v
accompanied by
a drop of the count rate in ­

down to stray light level. Subsequent drops in the
­
v
signals synchronously go with an increase in ­

, which points to a time corre-
lation between both signals. The weighted sum of both signals ­ 
S
=

­
v

°
­
is depicted in the lower plot. The weighting results from the different scaling be-
tween fluorescence count rate and the corresponding number of ions. The sum
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Figure 3.12: Time evolution of the fluorescence signals measured with photomul-
tiplier 1 (upper graph) and 2 (middle graph). The lower plot shows the weighted
sum of both.
signal clearly shows, that the fluctuations seen in one photomultiplier are exactly
compensated by the other one. The resulting curve shows an almost perfect expo-
nential decrease. The time constant of   ¸ C s matches the beam life time that
has been verified measuring the integral count rate of the BPM. The remaining
slight increase in the noise of the sum data after 100 s relies on the measurement
process. The fluorescence counts are measured in discrete time bins. The noise
comes from the statistical rate fluctuations within one bin due to the low total
count rate.
The exponential decay with a time constant of the beam lifetime obviously
excludes a loss of ions with the occurrence of the phenomenon. One can also
rule out losses due to an extreme dispersive transverse heating which would lead
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to a strong decrease of both fluorescence signals. Hence, the transition after 90 s
leads to an abrupt transfer of ions formerly in the hot subensemble into the cold
fraction. This effect must be explained with a more efficient longitudinal cooling.
This can either be caused by an increased cooling rate or a greatly diminished
heating rate. Both effects indicate a sudden disappearance of intra beam Coulomb
scattering. In particular, the absence of hard Coulomb collisions suppresses the
transfer of cold ions into the hot background. In addition, the velocity spread of
the remaining cold ensemble becomes that narrow that all ion become resonant
with the cooling laser for a bunch frequency detuning near ¶  þ ; . This leads to
the maximum cooling rate achievable in this system.
The drawn conclusions are confirmed by the measurement of the longitudinal
velocity distribution using HV-scans depicted in figure 3.13. The experimental
N=1.2x106 N=9.7x105 N=8.1x105 N=6.5x105
Figure 3.13: Longitudinal velocity distribution measured before and after the
transition. One observes a disappearance of the hot background after 27 s and a
reduction of the velocity spread in the cold fraction.
conditions were the same except the number of ions during injection. This leads
to the observation of the effect already after Hþ ﬂ
O
s. However, the estimated to-
tal ion number of roughly 10 þ at the time of the transition corresponds to the first
observation. One notices a sudden disappearance of the hot background accom-
panied by an obvious shrinking of the cold velocity width reaching the apparative
resolution limit.
For a further analysis, the HV-Scan data has been fitted using a sum func-
tion of six Gaussian distributions. For each peak one assumes a superpositions of
a narrow Gaussian peak and a broad one to model the two-component distribu-
tion. Since the intermediate distance of the peaks corresponds to the known hy-
perfine splitting, the positions are kept constant during the fitting process, which
reduces the set of variation parameters. From the fitted data one calculates the
ratio of hot ions with respect to the total ion number (figure 3.14). The width
of the cold subensemble was used to determine the longitudinal temperatures.
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The relatively poor counting statistics and the complex fitting procedure con-
tributes to an estimated statistical and systematical uncertainty of ü y
¹
¨ ;
'
ﬂ
K
and üÕ 5 / *
G
6
Í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
	

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'
B
. However, after 23 s one clearly observes a sharp drop
Figure 3.14: The transition observed in the fluorescence signals (upper plot) is
accompanied by a drop in the longitudinal beam temperature.
in the longitudinal temperature from y
¹
hB
'
ﬂ K to 200 mK. During these mea-
surements both photomultiplier signals were online monitored with a digitizing
oscilloscope (Tektronix TDS 210). A screenshot is also presented in figure 3.14.
The temperature drop and the disappearance of hot ions is coincident with the
sudden change of the fluorescence signals. The periodical dips and spikes in the
fluorescence signals result from the HV-scans which disturb the ion distribution
due to the acceleration at the the drift tube section. During the scan, the signal
of photomultiplier 1 (cold fraction) produces a dip while the second detector (hot
fraction) shows a spike. This might indicate a transfer of cold ions into the hot
background due to the disturbance of the system. After the scan has been finished,
the hot ions are cooled back to the cold subensemble.
The repeated transfer of ions between the hot and the cold subensemble can
already be seen in the first presented fluorescence measurement (figure .3.12).
Although the system was not disturbed by velocity measurements, one notices
repeated changes of the fluorescence rate between two levels. The hot fraction
fluorescence fluctuates between straylight level and a signal rate that corresponds
to the usual exponential decrease of the ion current. The similar case for the cold
distribution: The increased fluorescence rate after the transition from time to time
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drops to the rate expected for a regular beam behavior. The fluctuations in the
fluorescence signals between two states without changing the cooling conditions
demonstrate the fragility of the effect. The fluctuations might be caused by the
limited stability of the storage ring components. The relative current stability of
the dipole magnets is on the order of Bs; tu§ . These small drifts in the magnetic
field lead to shifts of the closed orbit and thus to changes in the ion revolution
frequency. The estimated fluctuation would be ü sJK³¨  ;
'
C Hz, which strongly
influences the cooling rate.
For the observation of the longitudinal spatial distribution in the barrier bucket,
a series of pickup measurements has been taken during the cooling process which
is depicted in figure 3.15.
6N=1.5x10 N=1.3x10 N=1.1x10 N=0.9x106 6 6
Figure 3.15: Longitudinal ion distribution before and after the transition mea-
sured with the electrostatic pickup. The bunch potential is sketched below the
plot. After the transition, the ion ensemble is pushed against the potential slope
towards the left potential wall.
Each pickup diagram shows the longitudinal density distribution of three
bunches circulating in the ring. The bunch potential is sketched below the plots.
The data has been carefully smoothed using a Gaussian filter to get rid off a
large noise background. In the first two pictures, the ions are homogeneously
distributed along the bucket. After 15 s one observes a significant increase of the
ion density at the left bucket border. This effect occurs at the time of the drop in
the fluorescence signal for the hot ions. This behavior strongly differs from the
longitudinal ion dynamics of a transverse temperature increase due to dispersive
heating as demonstrated in [Mudrich, 1999]. In this case, the beam transversally
blows up, so that its diameter becomes larger than the laser beam waist. Ions
experience a reduced average laser force because of their worse spatial overlap.
Hence, ions are no longer in equilibrium with the counter force of the barrier
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bucket, which leads to a density increase at the lower edge of the bucket (the right
side in figure 3.15). The observation presented here shows an opposite behav-
ior. Ions are pushed against the counter force towards the left bucket wall. Since
the strength of the counter force does not change during the cooling process, it
follows that the ions must experience a much stronger laser force after the occur-
rence of the transition. This result agrees with the increase of the fluorescence
signal corresponding to the cold subensemble.
The onset of the anomalous beam behavior clearly depends on the number
of ions stored. Experiments with higher beam currents at injection time leads
to a disappearance of hot ions at later times respectively. The estimated particle
number for the transition is Bs; þ . Additional experiments were performed under
the same conditions but with sinusoidal bunch potentials. The fluorescence signals
show a similar behavior as already described. However, the pickup distributions
showed a behavior which clearly indicate a transverse heat-up.
3.3.2 Transverse dynamics
For the examination of the transverse beam dynamics, the beam profile monitor
(BPM) was used. Due to the low beam current the count rate was extremely small.
It is not possible to measure a complete time series of profile pictures during the
cooling process as presented for the other measurements. Hence, we accumulated
a histogram of the transverse distribution over ten seconds during the time of
regular beam behavior. A second measurement was made right after the transition
for another ten seconds. Afterwards, the still very noisy data sets were filtered
using the Savitzky-Golay method which widely conserves the zeroth and higher
order statistical moments of the distribution [Press et al., 1992]. The resulting
beam profiles before and after the transition are depicted in figure 3.16. One
observes an increase of the beam diameter with the described change of the beam
behavior. Therefore, the transition seems to be connected to an increase of the
transverse beam temperature. Gaussian fits considering the apparative resolution
limit of the BPM lead to a temperature of yÛü J
3S
¬
>
Jè¨ÁB
ﬂ
;E; K for the regular and
yÛü
>

*3=
¨ C<;E;<; K for the anomalous beam behavior. The dashed curves represent
the Gaussian intensity profile of the cooling laser. These profiles have been scaled
to take into account that the focusing strength of the BPM position differs from the
average strength along the laser cooling section, which is expressed by the ratio of
the beta functions ( j ¬ > 

J
6DjÖþ
B
'
: ). The measured beam dynamics obviously
indicate a transverse heating effect. However, this heat-up differs significantly
from the blow-up behavior through dispersive heating, which would lead to a
temperature increase of
yü
/
*
G
ﬂ
;E;E;<; K. In our case, we observed a limited
heat-up where the ion beam stays inside the laser intensity profile. The beam
diameter does not broaden over all limits but stabilizes at a higher value.
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Figure 3.16: transverse beam profiles before and after the transition
3.4 Conclusion
The observation of the anomalous beam behavior can be summarized as follows:
For a laser-cooled, barrier-bunched beam with weak dispersive cooling, an abrupt
change of the cooling dynamics is observed at a given particle number. The
anomalous beam behavior is measured by characteristic changes in the measure-
ment data:
 Fluorescence scan: Increase of count rate in PM 1 accompanied by a drop
of PM2 count rate down to stray light level.
 HV-scan: sudden disappearance of hot background ions, longitudinal tem-
perature drop of the cold distribution.
 Pickup: sharp peak at the left bucket border.
 BPM: limited broadening of the transverse beam profile.
The measured laser beam blow-up could indicate a transverse heating process.
This blow-up also leads to a decrease in the phase-space density and thus a re-
duction of the intra beam collision rate. Hence, a transverse heating would also
explain the disappearance of hot background ions due to a complete vanish (or
strong suppression) of IBS heating. However, one observes only a limited heat-
ing. Although the BPM statistics is quite poor, the width of the ion beam does not
become wider than the laser width. This fact is also confirmed by the observation
that the ion ensemble jumps repeatedly between the regular and the anomalous
state back and forth. An unlimited blow-up with a beam diameter much bigger
than the spatial laser width would be irreversible [Mudrich, 1999]. Therefore, the
ion beam reveals a bistable longitudinal-transversal coupled dynamics.
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A possible interpretation of the presented effects would be a one-dimensional
beam crystallization. Theoretically, a condensation would be connected to a com-
plete disappearance of IBS. This interpretation would also be carried by molecular
dynamics simulations done for the TSR lattice that predict a 1D beam crystalliza-
tion for inter-particle distances of 30 Q m which correspond to the experimentally
achieved total ion number of Bs; þ . The measured increase of the beam-diameter
however would stay in contradiction to the assumption of Coulomb ordering. Due
to the strong shear forces an ion crystal would experience while passing a dipole
magnet it is not expected to observe Coulomb ordering for beams with transverse
diameters larger than the mean longitudinal particle distance. In addition, the
typical 1D longitudinal plasma parameter (as defined in section 2.2.4) right after
the observed effect derived from the experimental data (longitudinal/transverse
temperatures and densities) is 
v

þ
;
'
B
. This value is one order of magnitude
smaller than the value ( 
v

þ
B ) for the expected onset of Coulomb ordering.
For the beam profile measurement, one has to consider the very poor statis-
tics which lead to a large uncertainty in the determination of the beam width. In
addition, the BPM measurement has been integrated over ten seconds. The per-
manent fluctuations during this time seen in the fluorescence signals could not be
resolved. Furthermore, the broadening of the BPM signal does not necessarily
need to be caused by a heat-up of the beam. One could possibly think of a co-
herent horizontal oscillation of the whole bunch around the closed orbit. Such a
phenomenon has actually been observed for crystalline beams in small ion traps
(PALLAS,[Scha¨tz et al., 2001]).
An alternative interpretation for the described effect relies on a weak disper-
sive heating: One assumes the the position shift of the laser width with respect
to the ion beam leads to a very weak transverse heating. For a high beam current
however, the indirect cooling mechanism due to IBS still overcomes this heating
which avoids a beam blow-up. With the decreasing ion current during the cooling
process, IBS cooling becomes more and more inefficient until dispersive heating
overcomes the indirect cooling. The resulting blow-up further reduces IBS which
leads to a strong suppression of scattered background ions in the longitudinal de-
gree of freedom. The longitudinal velocity distribution collapses and almost all
ions become resonant with the laser. The resulting significantly enhanced cooling
rate then might possibly stabilize the transverse beam dynamics. However, the
stabilization of the transverse degree of freedom contradicts the assumption of ex-
tremely weak coupling through IBS. In addition, for the presented experiments we
adjusted and repeatedly verified the horizontal laser position to ensure dispersive
cooling.
Further possibilities for the interpretation of the effects assuming weak disper-
sive cooling would include additional mechanisms that depend on the phase-space
density or the beam width. It is known that space charge could produce a shift of
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the betatron tune. Such a shift could also lead to beam instabilities (ring reso-
nances). An instability would reduce the space-charge effect and therefore the
tune shift which leads to a stabilization. Higher order coupling effects such as the
storage ring chromaticity could also be possible candidates for a heating mecha-
nism. The coupling through chromaticity would depend on the beam width or its
shape respectively. In this case, the decreasing beam diameter during the cooling
process would cause an additional heating effect. The beam blow-up would again
lead to stabilization. However, this mechanism would not suddenly occur in an
abrupt step as experimentally observed.
In conclusion, the experimentally observed effects can not fully be explained
in a consistent picture. In particular, the transverse dynamics has to be examined
in much more detail with the help of improved diagnostic tools. In the future,
the recently installed magneto-optical trap possibly allows a further insight to this
phenomenon. On the other hand, the presented experiments represent the physical
and technical limit for the cooling rate that can be achieved using bunched beams.
In particular, the adjustment of the bunching frequency turned out to be very crit-
ical. At very small detunings ¶  þ ; needed to achieve high longitudinal cooling
rates one comes close to the regime of strong longitudinal heating for ¶  slightly
below zero. This tricky adjustment makes it hard to achieve the presented extreme
phase-space densities never reached before at a storage ring. Therefore, the fol-
lowing experiments employ a completely different method to achieve a counter
force using a second counterpropagating laser.
Chapter 4
Coasting beam cooling in an optical
molasses
The following chapter describes first experiments on laser cooling of coasting
(unbunched) ion beams using a so-called optical molasses. For bunched beams the
cooling forces consisted of the copropagating argon ion laser accelerating the ion
and the bunching potential producing the needed counterforce to decelerate them.
The cooling scheme presented here makes use of a second counterpropagating
laser to realize the counterforce. This method overcomes several limitations of the
bunched cooling scheme. Since laser forces are much stronger than the forces that
technically be reached through beam bunching it is in principle possible to achieve
much higher friction coefficients using two laser beams as shown in figure 4.1.
Higher friction coefficients lead to higher cooling rates and thus to lower beam
Faux 0
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Figure 4.1: Schematic force profiles in case of bunched cooling in barrier buckets
(left) and molasses cooling (right). It is possible to achieve higher friction co-
efficients (represented by the slopes in the plots) in an optical molasses than for
bunched beam cooling.
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temperatures (section 2.2.3).
Furthermore, a coasting beam is much better suited in view of the observation
of Coulomb ordering. Since there are no forces confining the ions longitudinally,
the number density along the closed orbit and therefore the intermediate ion dis-
tance is homogeneous. In particular, the longitudinal spatial distribution remains
constant independently from the cooling conditions.
Another critical point of bunched cooling is extreme sensitivity of the cooling
process on the bunching frequency especially during the observation of the disap-
pearance of hot background ions. The cooling conditions during molasses cooling
are almost independent from drifts of the storage ring. They are only defined by
the properties of the laser system (frequencies, intensities).
The use of a second, frequency-tunable laser system offers the possibility of
an additional longitudinal velocity measurement (Doppler thermometry). Fur-
thermore, for a coasting beam, Schottky analysis becomes a valuable tool for a
non-destructive investigation of longitudinal phase space. Therefore the cooling
dynamics can be examined in even more detail than in case of bunched cooling.
The transition wavelength of Beryllium ions at rest is   :ÖBØ:
'
BØ: nm. The
velocity of 4.1% of the speed of light leads to a Doppler shift of 13 nm, so that the
300.13 nm line of the argon ion laser is used for the copropagating direction. For
the counterpropagating direction the sign of the Doppler shift is reversed. Hence,
the new cooling method requires a second tunable laser system with a wavelength
of   : ﬂ M nm. Since there is no laser system commercially available which
directly delivers this wavelength, we built up a frequency-doubling system to con-
vert laser light at   M C ﬂ nm delivered by a dye laser to the needed wavelength.
4.1 Laser system at 326 nm
The use of a fixed-frequency argon ion laser system at  :E;E; nm for the coprop-
agating direction makes it necessary to build up a frequency-tunable laser system
at  I:
ﬂ
M nm for the copropagating direction. There are Helium-Cadmium laser
systems available providing light with  þ : ﬂ M nm at an cw output power of
±
¨ Bs;<; mW. Unfortunately, these lasers are fixed-frequency systems and can
only be frequency-tuned in narrow range of less than 500 MHz. For bunched cool-
ing, the optimum cooling conditions are adjusted by a variation of the bunching
frequency which shifts the ions in longitudinal velocity space to become resonant
with the cooling laser. For coasting beam cooling, the ions have to be resonant
with both lasers which can practically only be realized by a laser system with an
adjustable light frequency. For laser cooling, the needed frequency range should
be at least 25 GHz around the optimum adjustment. For our purposes, the needed
wavelength is produced by frequency doubling a commercially available dye laser
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system. The dye laser (Coherent INNOVA CR-699, laser dye: DCM) produces
light with a wavelength of 652 nm with a typical cw output power of 700 mW.
This system is pumped by a frequency-doubled Nd:YAG laser (Coherent VERDI-
10) at 532 nm and a power of typically 6 Watts. The wavelength of the dye laser
system can be mechanically tuned over 70 nm. At a given wavelength, the laser is
able to perform a continuous frequency scan over 30 GHz in 5 seconds.
For the frequency doubling process one makes use of a special crystal with
non-linear optical properties. For an efficient light conversion process, high input
light power is needed, which can be achieved by the use of an optical resonator.
Some years ago, such a laser system has already been built up [Horvath, 1994]
for longitudinal beam diagnostics [Stoessel, 1997]. However, the output power of
about one milliwatt was too small to use this system to counteract the argon ion
laser. The reason for that was the resonator geometry which made it necessary to
use crystals with an anti-reflective coating. It turned out that the low destruction
limit of the coating greatly limited the achievable output power. To overcome this
limitation, a new resonator geometry was chosen where the non-linear crystal is
cut in a Brewster angle to avoid reflection losses. A detailed description of the
new experimental setup is given in [Friedmann, 2001].
4.1.1 Frequency doubling
In the linear optical regime, one assumes the conservation of frequency for light
passing matter and the validity of the superposition principle. Two different elec-
tromagnetic waves can overlay without influencing each other. However, both
assumptions are only correct for small light intensities as produced by conven-
tional light sources. Therefore, the linear relation between the polarization o± of a
medium and the electric field op is a valid approximation for small field strengths
only:
o
±

½Vﬀ
o
p (4.1)
( ½V : electric field constant,  : electric susceptibility). This linearity relies on the
harmonic atomic binding potential for electrons oscillating with small amplitudes.
For larger amplitudes due to a stronger electric driving field, electrons more and
more experience deviation from the parabola shape of the potential. The oscilla-
tion becomes an-harmonic. In this case, the susceptibility  is no longer a constant
but also depends on the electric field strength
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This relation can be expanded in a Taylor series
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For an electromagnetic wave o
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Hence, the polarization oscillates with the double frequency of the the driving
field. This is the basic principle of optical frequency doubling (second harmonic
generation, SHG). The following third and higher order corrections lead to fre-
quency tripling and so forth respectively. A further detailed description can be
found in [Franken et al., 1961]. From the above equation, one can derive another
important property of frequency doubling: Since the light intensity is proportional
to the square of the electric field ( b$# op

V
), one gets the relation
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(4.6)
Therefore, the intensity of the fundamental light wave fed to the non-linear
medium strongly influences the efficiency of the conversion process.
4.1.2 Experimental realization
Typical values for the coefficients 
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Due to the small values of 

and 
%
, high intensities are needed to have notable
non-linear effects for light going through matter. In order to achieve UV light with
a power of some milliwatts, the needed input intensity fed into the crystal must
be in the range of some megawatts/cm

. To achieve these extreme intensities
one can focus the beam to very small beam waists. However, a focus area of
:
g
BØ;
tu§ cm

(beam waist ﬂ [ Q m) still leads to a needed input power of some ten
watts, which is not achievable with todays available cw dye laser systems. The
needed input power can be produced by enhancing the dye laser light through an
optical resonator. The light continuously fed into an optical resonator is stored in
it which leads to a summ-up of the light power inside this resonator [Lange, 1994].
The non-linear crystal
An important factor for optimum frequency conversion is the choice of the right
crystal type. For the given conversion process (652 nm * 326 nm) Lithium iodate
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(LiIO

) has the highest conversion efficiency

+

ﬂ
'
M
C
g
Bs; t-, /W of all crys-
tals commercially available. Furthermore, optimum conversion strongly depends
on the focusing of the fundamental light wave. At this point, one has to find
the optimum trade-off between different effects: On the one hand, a small fo-
cus produces high intensities important for the conversion process. On the other
hand, an extremely focussed beam has a large divergence. The extreme light in-
tensity is thus limited to a comparably small range (Rayleigh range) around the
focus on the optical axis. Considering several further parameters such as crystal
length, absorption, phase-matching conditions [Franken et al., 1961] etc, an opti-
mization procedure [Boyd and Kleinmann, 1968] leads to an optimum Gaussian
beam waist of ² *3®
G

ﬂ
[
Q m for a given crystal length of

 6 mm. The optimum
beam waist inside the crystal is also the starting point for the calculation of the
optical resonator.
Optical resonator
For the setup of optical resonators different arrangements of mirrors are possible.
The easiest setup is the well-known Fabry-Perot resonator consisting of two mir-
rors facing each other. This type can not be used since UV light generation of a
crystal placed inside would go in both directions along the optical axis. A com-
parison of different possible resonator designs with their particular advantages and
disadvantages is presented in [Horvath, 1994].
For our doubling system, we chose a resonator design consisting of two con-
cave and two plain mirrors arranged in “bow-tie” (double-Z) geometry as depicted
in figure 4.2. The non-linear crystal is placed in between the concave mirrors. The
crystal surfaces are arranged in a Brewster angle with respect to the optical axis in
order to avoid losses due to reflections. As mentioned, this design does not need
any anti-reflective coatings on the crystal surfaces which limited the input power
in former SHG systems. The dimensions of the resonator have been calculated us-
ing Gaussian matrix optics [Kogelnik, 1966] with the goal to produce the optimum
focus .0/2143 inside the crystal as derived above. Furthermore, the mirror distances
have to be calculated in view of an maximum optical stability [Lange, 1994]. This
means that the resonator is most insensitive to small geometry deviations from the
calculated optimum. This is comparable to the situation of the storage ring where
one has to ensure stable ion trajectories. The bow-tie design has the advantage,
that optical aberrations such as beam astigmatism produced by the concave mir-
rors can be exactly compensated by the Brewster geometry of the crystal.
For an enhancement of the input power, one additional condition has to be
fulfilled: The optical length of the resonator must exactly match an integer number
of 5687 , so that the system actually becomes resonant. In this case, all light power
fed into the system is coherently summed up. From the experimental point of
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Figure 4.2: Schematic picture of the frequency doubling system (AR: anti-
reflective coating, HR: high-reflective coating). The non-linear crystal is centered
between both concave mirrors that produce the optimum beam waist for the sec-
ond harmonic generation (SHG).
view, this means that the optical length must be kept constant on a nanometer
scale to achieve stable conditions of operation. For this purpose, the resonator
length is actively stabilized by mounting two of the resonator mirrors on piezo
actuators. These piezo elements can compensate unavoidable fluctuations due
to acoustic and other mechanical disturbances from the environment as well as
temperature drifts.
Resonator stabilization
For the regulation, one makes use of a locking scheme first demonstrated by
Ha¨nsch and Couillaud [Ha¨nsch and Couillaud, 1980]. This method derives an er-
ror signal by measuring the relative phase between the light reflected at the input
coupling mirror and the wave that has passed an integer number of round-trips of
the resonator. In case of resonance, the phase is exactly zero. For a positive length
deviation, the phase shift is also positive and vice versa. Hence, the error signal
derived from the phase shift can be used to produce a control voltage that is ap-
plied to the piezo mirrors. The resonance properties as well as the corresponding
regulation signal is shown in figure 4.3. The upper picture shows the light power
directly measured behind a resonator mirror (mirror 2 in figure 4.2) by a photo-
diode. The measured power of light passing the mirror due to the non-perfect
reflectivity is proportional to the light power in the resonator. To demonstrate the
resonance behavior, the length of the system is continuously swept by applying
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Figure 4.3: Mode spectrum and error signal for the resonator stabilization using
the method of Ha¨nsch and Couillaud. The left side shows the theoretical signals
while the corresponding measured data is depicted in the right column.
a linear voltage ramp to one piezo. During the scan, for well-defined lengths the
resonance condition is fulfilled and the light power is strongly enhanced which re-
sults in the series of peaks. The lower plot shows the corresponding error signal.
At the resonance maximum the signal crosses the zero line. For length stabiliza-
tion the electronic regulation system (three-point PID regulator) changes the piezo
voltage (and thus the resonator length), so that this signal is kept zero. The dis-
tance between two resonance peaks corresponds to the free spectral range 9;:
<4= of
the resonator. This value corresponds to the frequency the laser has to be detuned
to hop from one resonance to the next one. It can be calculated as 9;:
<4=?>A@B68C with
@ : speed of light and C : optical resonator length. The frequency width (FWHM)
D
9 of the resonance peak determines the quality of the resonator mainly influ-
enced by the reflectivity of the mirrors and losses due to crystal absorption as well
as the wanted conversion process itself. The ratio of the frequency width and the
free spectral range is the so-called finesse EF> D 9G69;:
<4= . This value can be in-
terpreted as the average number of round-trips a photon performs in the resonator
until it is lost or converted respectively. An characteristic value is the light ampli-
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fication factor H which is the ratio of the light power inside the resonator IKJMLN and
the power fed into IPORQ . It can be calculated from the finesse E and the reflectivity
S
O of the input coupling mirror: HT>TIKJMLN68IPORQU>TEUVXWY[Z
S
O]\46_^`V . Typical values
of the whole setup are given in table 4.1.
Basic data
basic wavelength 5!ab>dcfe7 nm
UV wavelength 5
V
ab>dgf78c nm
crystal type LiIO
V
, Brewster cut
crystal length Cihj>Ac mm
refractive index kl_Wnmo\p>qYrtsu8v
crystal phase matching angle-tuned, wB14xﬀyNMLz>de8v!r{s|
crystal focus .}lo>~78vp m
Resonator data
optical resonator length CiJL)N>dsg!rt7 mm
free spectral range
D
9~gfu8g MHz
resonance width 
9b7 MHz
finesse EqYsg
typ. input power IKORQ~c mW
power enhancement Hd~sc
input coupling efficiency Łzue
light power in resonator IKJMLN-e W
typ. output power IK/243~gfe mW
Table 4.1: Important technical specifications of the frequency-doubling system.
As mentioned, two of the four mirrors are equipped with piezo actuators. The
first piezo element produces maximum elongations of 8  m and can be driven with
frequencies up to 8 kHz. The frequency limit of the second piezo is about 10 Hz
but with a bigger elongation of 35  m. While the first actuator compensates fast
acoustic and other mechanical vibrations, the slow piezo compensates long-term
fluctuations such as temperature drifts. Furthermore, the slow piezo is needed
to keep the system in resonance while performing a frequency scan with the dye
laser.
Picture 4.4 shows the achieved UV light power with respect to the input dye
laser power. One clearly observes the quadratic dependency as described in equa-
tion 4.6. The solid line is a fit through the experimental data. From this curve,
one calculates a conversion efficiency of _>ur{voBYV /W. The quadratic depen-
dency over the whole input power range shows that this system is not limited due
to thermal lenses or crystal degeneration which should result in deviations from
the fit curve for higher input intensities.
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Figure 4.4: Converted ultraviolet output power ( 5>gf78c nm) plotted against
the dye laser input power ( 5L~> cfe7 nm). One observes the characteris-
tic quadratic dependency for a frequency doubling system. The solid line is a
quadratic fit through the experimental data.
Beam shaping
Like all technically used non-linear optical crystals, the used lithium iodate crystal
is birefringent. The crystal has two optical axes with different refractive indices.
An incoming beam not aligned along one of these axes is split up in two beams
(ordinary and extraordinary beam) with a walk-off angle. For frequency dou-
bling, the refractive index of the fundamental light frequency must be equal to
the index of the doubled frequency ( kiWnmo\>kiW 7;mo\ ). This is the so-called phase
matching condition. This condition is in our case be fulfilled by shining in the
fundamental frequency with a well-defined angle ( wb>e8v!r{s| ) with respect to the
ordinary optical crystal axis. This leads to the described beam walk-off for the
frequency-doubled light coming out of the crystal. Due to the modified output
angle, the frequency-doubled light hits the output crystal surface as well as the
output coupling mirror of the resonator such that the intensity profile is no longer
radial-symmetric. The outcoming light has an elliptic cross section. This effect is
known as beam astigmatism. In order to produce a symmetric Gaussian beam, a
telescope of cylindric lenses was set up, which modifies only the horizontal beam
waist. In our case, a telescope consisting of a convex (f=300 mm) and a concave
(f=-300 mm) lens with an intermediate distance of 610 mm positioned 375 mm
apart from the resonator results in an almost perfect Gaussian beam profile.
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Beam guidance
The setup for beam guidance is similar to the argon ion laser system as shown in
figure 4.5. A second laser beam positioning and stabilization system was installed
position
stabilization
position
stabilization
beam section
argon ion laser system
300nm 326nm
resonator
dye laser+Verdi
ions
Figure 4.5: Experimental setup for molasses cooling. Similar to the copropagat-
ing argon ion laser beam, the frequency-doubled light is guided by a set of mirrors
to the cooling section of the storage ring.
to also ensure a perfect overlap with the ion beam as well as the copropagating
laser system over more than five meters. A perfect alignment of both laser systems
however would lead to a reflection of the 300 nm light from the copropagating
argon ion laser back to the frequency doubling system leading to disturbances.
To avoid this, one of the dielectric mirrors was chosen to be high reflective for
a wavelength of 5¡>¢gf78c nm and has an anti-reflective coating for 300 nm light,
thus blocking the argon ion laser light. Due to the lower output power of the
frequency-doubled light the beam was focussed to a comparably small beam waist
of .}£
V2¤
Y mm at the storage ring in order to increase the intensity. Furthermore,
the small diameter reduces the influences of the non-perfect Gaussian intensity
profile on the cooling process.
A frequency scan of the dye laser system is performed by applying an external
control voltage (between ¥¦Y V) to the control system of the laser. In our experi-
ments, this voltage was supplied by an arbitrary function generator (HP 33120A).
A scan was done by sending a trigger signal to this device which feeds a pre-
programmed voltage ramp to the laser system. This setup gives us an extreme
flexibility for diagnostics scans as well as a very precise control of the cooling
conditions.
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Generation of the second frequency
Similar to the argon ion laser system one has to provide two laser frequencies
to avoid optical pumping between both hyperfine-split ground states (see fig-
ure 2.12). That was the reason why two separate argon ion lasers with a relative
detuning of 1.3 GHz (due to the Doppler-shifted splitting of 1.25 GHz at rest) were
used. For efficient cooling of a coasting beam, one also has to provide a second
laser frequency for the counterpropagating direction. which must be detuned by
1.2 GHz due to the negative Doppler shift. This second laser beam was produced
by frequency shifting a part of the generated UV light through an acousto-optical
modulator (AOM). An AOM consists of a crystal or glass material. An acoustic
wave ( 9;§¨G© ) is fed into this medium which leads to the generation of a phonon lat-
tice inside. Laser light ( 9Xª«yN ) going through can do Bragg scattering on this lattice
which results in a second beam diffracted by a definite angle. Scattered photons
pick up the phonon momentum which leads to a frequency shift of the deflected
beam 9XNMh)y 3¬3MLJ>­9;ª«yN®q9;§¨G© . Since the diffraction efficiency of AOM systems
with an acoustic frequency of 1.2 GHz is extremely low ( ¯­7 ) we made use of
a double-pass technique schematically depicted in figure 4.6. For this method, an
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Figure 4.6: The second laser frequency detuned by 1200 MHz is generated using
an acousto optical modulator system in double-pass technique.
AOM with 9;§¨G©A>±c8 MHz (Brimrose UV series, input power 2 Watts) is used
and the laser frequency is shifted in two steps. The original laser frequency ( 9f² )
delivered by the SHG system first passes a polarizing beam splitter cube (PBS)
with maximum transmission due to a well-adjusted polarization angle (half-wave
plate). The focussed beam goes through the AOM producing a second diffracted
beam 9
V
>~9f²!®³c MHz. A second lens and a mirror are arranged in a “cat’s eye
configuration”, which leads to a perfect back reflection of laser rays coming from
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the AOM regardless of their particular angles to the optical axis. The diffracted
beam 9
V
passes the AOM for a second time where again a part of it is diffracted
back to the original direction with a frequency 9;£0>~9²®7[´c8 MHz. This beam
is exactly collinear with the laser light at 9² that has passed the setup without any
deflections. A quarter-waveplate in front of the mirror leads to a rotation of the
beam polarization axis by 90 degrees while passing it two times (forth and back).
Due to the changed polarization of the beams 9² & 9_£ they are reflected out at the
beam splitter cube. The superposition of these two beams is then guided through
a telescope to the laser cooling section of the storage ring.
The measured diffraction efficiency of the AOM is Łµ e8f according its
specifications. Hence, one would theoretically expect an output efficiency of 25%
( ¶>¦W e8b\V ) for each beam ( 9f² & 9_£ ). The remaining 50% of the original input
power is lost at the second AOM pass consisting of deflected light 9f² and the
undisturbed part of 9
V
going straightly through. Experimentally, one achieves a
usable output power of typically I·4¸¹G·2º¼»½Y;e mW with I·2º¼»¾ mW and I·4¸[»
YY mW.
4.2 Measurements
4.2.1 Doppler thermometry
Experiments using this new system were performed in December 2000. A first
proof-of-principle experiment was done by measuring the longitudinal velocity
distribution of an electron-cooled ion beam. For this purpose, only the new coun-
terpropagating laser system was used, which acted as a diagnostic tool. The
AOM system was switched off so that only one laser frequency was used. Af-
ter beam injection, the ions were electron-cooled for ten seconds until the beam
reaches temperature equilibrium. After that a frequency scan over a UV range
of 15 GHz (corresponding to a dye laser scan of 7.5 MHz) was started. The scan
time was five seconds. The fluorescence light of ions being excited by the laser
was recorded with the photomultipliers. During the laser scan, each velocity class
of the electron-cooled ion ensemble with its particular Doppler-shifted transition
frequency becomes resonant with the laser. The time profile of the fluorescence
count rate thus corresponds to the longitudinal velocity distribution of the ion en-
semble. Such a typical diagnostic scan is depicted in figure 4.7 where the horizon-
tal time axis is translated into a frequency axis of the scanned laser. The measured
profile matches a Gaussian distribution. A fit to the data leads to a sigma width
of ¿·>½Yr{s GHz. This frequency width can be translated to a velocity width of
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Figure 4.7: Velocity profile of an electron-cooled beam measured through the
fluorescence count rate during a frequency scan of the counterpropagating laser.
¿GÀÁ>~ee8 m/s using the Doppler formula
¿GÀ[>d¿·}
5GOR/2Q
Â Ã
(4.8)
with the transition wavelength 5GOR/2Q at rest and the relativistic factor Â . The mea-
sured velocity spread corresponds to a longitudinal temperature of ÄPÅb>Æg8f K
which is a typical value of an electron-cooled ion distribution. This scan method
corresponds to measurements using HV-scans that lead to similar velocity widths.
Instead of changing the ion velocity using drift tubes, one now changes the laser
frequency.
Although the laser scan does not deliver complementary information on the
cooling process with respect to the HV-scan, this method does not notably disturb
the velocity distribution for small laser intensities. This is of particular interest for
the observation of ordered ion beams.
Doppler-free spectroscopy of the Ç -resonance
The new laser system can also be used to perform Doppler-free spectroscopy of
the “ 5 -shaped” level scheme of Beryllium. For this purpose, one uses one fixed
argon ion laser frequency being resonant with the transition from the upper hy-
perfine ground state to the excited state as shown in figure 4.8 (left). Due to the
Doppler effect, this is only the case for a certain velocity class of the ion beam.
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Figure 4.8: Measurement of the Ç -resonance. The fixed argon ion laser is reso-
nant with the upper hyperfine state. The excitation scheme is optically closed if
the scanned laser system is resonant with the lower hyperfine transition leading
to an increase of the fluorescence rate (right plot).
The use of only one laser leads to an immediate optical pumping to the lower
ground state in few absorption/emission cycles. Since the lower ground state is not
resonant with the argon ion laser, ion can no longer be excited. One does not mea-
sure fluorescence light with the photomultipliers. For spectroscopy, one shines in
the tunable counterpropagating laser. A frequency scan over the Doppler-shifted
level scheme leads to a strong enhancement in the fluorescence rate exactly if the
counterpropagating light is resonant with the lower hyperfine ground state. In this
case, optical pumping is suppressed because ions being transfered to the lower
ground state by the copropagating laser are now pumped back. One ends up with
a closed optical transition scheme resulting in a high fluorescence rate. Due to
the opposite Doppler shift of the co- and the counterpropagating laser fields, the
condition for a closed optical transition can only be achieved for a certain velocity
class defined by the argon ion laser frequency. Therefore, one does not observe
Doppler broadening but measures the actual Lorentzian excitation probability of
the atomic transition.
The measured fluorescence rate during a 4 GHz scan is shown in figure 4.8
(right). Surprisingly, instead of the expected Lorentzian peak one observes a two-
peak structure with a frequency splitting of 200 MHz. Each peak can be very
well fit by a Lorentzian function with a line line width of -e MHz. The so far
unexplained splitting has been reproduced in three beam times. Detailed measure-
ments did not show a dependency of the splitting on the the laser intensities, the
scan direction or the scan time. Therefore, further investigations have to be done
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to explain this effect.
This method represents an elegant way of Doppler-free spectroscopy of fast
moving ions. Similar experiments are currently performed in a meta-stable Li ¹
system to exactly measure the relativistic Doppler shift of particles moving with
some percent of the speed of light. The goal of these experiments is a high-
precision test of special relativity [Grieser et al., 1994]. The small line widths of
the Beryllium system would suffice the requirements for a precision test, so that
this ion species is also a possible candidate for a relavitity experiment.
4.2.2 Longitudinal cooling
For the first cooling experiments both laser systems were used. The AOM system
was switched on, so that four laser frequencies (two copropagating and two coun-
terpropagating) were acting on the ion beam. Right after injection, the beam was
precooled by the electron cooler for 12 seconds. After that, repeated frequency
scans of the counterpropagating laser with a span of 3.4 GHz forth and back over
the ion resonance frequency have been performed. The time evolution of the mea-
sured fluorescence light during these scans is depicted in figure 4.9. The scan of
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Figure 4.9: First observation of molasses cooling during repeated frequency
scans of the counterpropagating laser over the ion resonance. One observes
asymmetric peaks in the fluorescence signal that appear only during an upward
frequency ramp.
the laser frequency is schematically shown below the plot. During these scans,
one observes two narrow asymmetric peaks: The signal increases smoothly (left
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side of the peak) but suddenly drops down producing a sharp edge. Furthermore,
the peaks only occur if the frequency ramp goes upwards (from “red-detuned” to
“blue-detuned”). This is the first clear signature of longitudinal beam cooling as
explained in the following.
Figure 4.10 shows the force profiles of both lasers in velocity space as well as
a zoom of the fluorescence data of the previous figure. The copropagating argon
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Figure 4.10: The ion ensemble is either compressed in velocity space (left picture)
or pushed apart (right picture) depending on the scan direction.
ion laser accelerates the ions (positive force) while the counterpropagating laser
system decelerates them (negative force). For a fixed light frequency, ions sitting
around the resonance of the counterpropagating laser in velocity space would be
shifted to lower velocities. Because of the changing Doppler shift, these ions
immediately run out of resonance and no longer experience the laser force. Due
to the frequency scan however, the decelerating force profile is shifted in velocity
space.
In the left picture the frequency scan goes upwards which leads to a shift
towards lower velocities. The above particles decelerated by the laser become
resonant again and are thus further decelerated. The scanning laser therefore col-
lects the ions in velocity space and pushes them ahead like a water wave in front
of a ship’s bow. This is the basic principle of the chirped laser cooling scheme
[Ertmer et al., 1985]. The whole ensemble is shifted towards lower velocities until
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the distribution becomes resonant with the copropagating laser. Both force profiles
leads to a velocity confinement of the ions sitting in between. While the relative
detuning of the lasers becomes smaller and smaller the force profiles approach
each other. The ion distribution is gradually further compressed in velocity space.
More and more ions become resonant with the lasers which leads to a continuous
increase of the fluorescence rate. This works until the relative detuning of both
lasers becomes zero. For equal laser intensities the cooling force would exactly
vanish. In our experiment with a decelerating laser of lower intensity one ends up
with a weak accelerating force pushing the ion ensemble to higher velocities out
of the laser resonance. Hence, an abrupt drop in the fluorescence rate occurs as ex-
perimentally observed. A further negative detuning of the cooling lasers does not
change the situation: ions sitting around the argon ion laser force are accelerated,
and ions being resonant with the frequency-doubled laser are further decelerated.
The opposite situation is depicted in the right picture. Ions sitting around
the counterpropagating laser force profile are still decelerated as in the first case.
However, the frequency scan to lower frequencies leads to a shift of the force
profile towards higher velocities. Therefore, ions that have been decelerated by
the laser never become resonant with the laser again during the scan. Hence, a
reversed frequency scan does not lead to a collection of ions in velocity space. In
addition, the negative detuning leads to an unstable point in the cooling force pro-
file. Since there is no velocity compression of the particle ensemble and ions are
permanently pushed out of the laser resonance one does not observe an increase
of the fluorescence rate.
Note, that the ion ensemble is not heated for negative detunings as it is the case
for the bunched cooling scheme where the laser drives the synchrotron oscillation.
The ions are only pushed away from both lasers. Outside the laser resonance, the
particles experience almost no laser forces. This is the reason for the observed
behavior that even after a frequency scan in the “wrong” direction, the ions can be
cooled back in a succeeding scan in direction of increasing frequencies.
The experiment was carried out with a total light power of the counterpropa-
gating laser (two frequencies) of 10 mW. For a reduced laser power of ¯¢Y mW
as it was the case in former experiments (with almost the same beam waist)
[Horvath, 1994, Stoessel, 1997] one observes almost no cooling effect. In this
case, the scanned laser acts as a diagnostic tool not effecting the longitudinal
velocity distribution, which leads to symmetric peaks that appear independently
from the scan direction.
The presented observations clearly demonstrate the compression of the ion
ensemble in velocity space. The new counterpropagating laser system in connec-
tion with the second frequency of the AOM system obviously produces a coun-
terforce well suited for coasting beam cooling. Since the ion ensemble is in the
above experiment only cooled for a very short time while the two force profiles
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approaching each other the next measurement investigates coasting beam cooling
for longer times.
Long-term cooling
An ion ensemble can be cooled for longer times by stopping the laser scan at a
given relative detuning. As in the previous experiment the ion ensemble is com-
pressed during the laser scan. However the frequency scan is stopped just before
the maxima of both laser force profiles are at the same position in velocity space
(zero detuning). The development of the fluorescence signal during such an ex-
periment is shown in figure 4.11. The ion beam is again precooled by the electron
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Figure 4.11: Fluorescence signal during long-term molasses cooling. The coun-
terpropagating laser scan stopped at a given relative detuning (schematic picture
below the plot). The almost constant fluorescence rate indicates that the ions can
be hold at the stable point in velocity space.
cooler for 12 seconds. The frequency scan over 1.4 GHz starts 15 s after injection.
At a relative detuning of YX8 MHz the scan is stopped. One observes an increase
of the fluorescence rate during the scan over a time range of seconds. During the
laser frequency scan ions are collected and compressed in velocity space which
leads to the increase of the fluorescence signal at Êp>~7 s. After stopping the scan,
the count rate remains almost constant for several seconds. The constant rate
shows that the ion ensemble stays resonant with the lasers. The particles are con-
fined between the co- and the counterpropagating laser forces in velocity space.
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Therefore, one observes longitudinal long-term cooling of a fast ion beam by an
optical molasses.
Fluorescence measurements over longer times show a slow exponential de-
crease whose time constant of Ys seconds is only slightly shorter than the beam
lifetime ( ËÌ>T7
 s). The shorter time constant is caused by the loss of ions out of
the capture range of the cooling force profile due to intra beam scattering. Ions
scattered out of the capture range in velocity space experience almost no laser
forces that could cool them back to the stable point. Therefore, ions are lost for
the cooling process. In the bunched cooling scheme, these ions would start oscil-
lating again in the bunch potential while they are cooled back to the stable point.
However, the slight reduction of the time constant shows that under the presented
conditions, losses through IBS are almost negligible.
One possible reason for this small influence of cooling process on hard
Coulomb collisions might be the ion beam was still possibly transversally hot.
As shown in chapter 3 a transverse hot beam leads to a large beam diameter re-
sulting in a low ion density. The low density strongly reduces the collision rate
and therefore the losses for the cooling process. A transversally cold beam would
lead to a higher collision rate. These collision would then result in higher ion
losses for the cooling process. However, the losses could be suppresses by the use
of a capture range extension such as a rapid adiabatic passage (see section 2.3).
This point will be examined in more detail during the next beam time (chapter 5).
Capturing ions in an optical molasses
A cooling effect can also be observed using fixed laser frequencies without scan-
ning. This is demonstrated in figure 4.12 showing the fluorescence count rate
during this cooling process. The laser system was adjusted with a fixed relative
detuning of 160 MHz. The injected ion beam was electron-cooled for ten sec-
onds. The stable point of the electron cooling force in velocity space was adjusted
to be several 100 m/s away from the stable point produced by the optical molasses.
The capturing process is schematically depicted above the fluorescence plot. The
first sketch shows the situation during electron cooling. The electron cooling force
draws the ions to its stable point resulting in a Gaussian distribution which is apart
from the laser forces. Therefore the ion beam is not resonant with the lasers. One
observes almost no fluorescence light. After the electron cooler is switched off,
the ion ensemble moves apart due to diffusion and intra beam scattering. The ve-
locity distribution broadens (second sketch). A part of this distribution approaches
the molasses force profile and is drawn to its stable point. Ions are continuously
captured in the molasses. These ions are now resonant with the lasers. Therefore,
the fluorescence count rate increases as well which is shown in the plot. The time
axis starts right after switching of the electron cooler. The ion ensemble broaden-
78 Chapter 4. Coasting beam cooling in an optical molasses
velocity
co
u
n
t r
at
e 
(H
z)
flu
or
es
ce
nc
e
time (s)
velocity
electron−cooled distribution molasses cooling
velocity
Figure 4.12: Increasing fluorescence signal during the collection of electron-
cooled ions into the molasses using fixed laser frequencies. The measurement
starts right after switching off the electron cooler. The capturing process in veloc-
ity space is sketched for three times above the plot.
ing in velocity space reaches the optical molasses after approximately one second.
The fluorescence rate increases steadily up to ÊÍ>±Y s were it decreases again due
to the limited beam lifetime.
Although one observes cooling, this method is not very efficient since only
a small fraction of the electron-cooled distribution is captured by the molasses.
A frequency scan of the counterpropagating laser however can collect almost all
ions of the electron-cooled beam if the broad precooled ensemble is initially in
between both far-detuned lasers. On the other hand, this experiment demonstrates
the capture of ions in the molasses during the cooling process.
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Longitudinal temperatures
During the presented long-term molasses cooling experiments, the longitudinal
velocity distribution was measured using an HV-scan. A typical scan is shown
in figure 4.13. The measured profile shows some characteristic differences to
Figure 4.13: Longitudinal velocity distribution during molasses cooling using the
HV-scan method.
the scans taken during bunched laser cooling. One observes a narrow peak with
almost no pedestal. The significant suppression of a broad background ensemble
reflects the fact that ions undergoing a collision process are not cooled back. This
again shows the effect of the small capture range of the optical molasses.
Furthermore in contrast to bunched cooling, the narrow peak is now almost
symmetric. The reason for that is the different motion in phase space: Since the
cooling force in in optical molasses is symmetric, ions moving with a slight veloc-
ity deviation are drawn back to the stable point with the same force independent
from the sign of the deviation. This is not the case in the bunched cooling scheme.
Ions with a slightly lower velocity experience a strong accelerating force from
the copropagating argon ion laser. Ions moving too fast however only experience
the much smaller counterforce produced by the bunch potential. This leads to the
characteristic sharp edge of the cold peaks as shown in figure 3.4. The remaining
slight asymmetry in figure 4.13 might rely on the fact that the co- and the coun-
terpropagating laser beams have different laser intensities. Very first results from
the computer simulation that has been modified for molasses cooling validate this
interpretation.
The cooling experiments were also done with different relative laser detunings
after the frequency scan. For each experiment the velocity distribution was mea-
sured three seconds after the laser scan stopped using HV-scans. The longitudinal
temperatures as well as the ion numbers of the cold subensemble with respect to
the relative detuning is depicted in figure 4.14. With decreasing laser detuning,
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Figure 4.14: Longitudinal temperatures (left) and particle numbers (right) of the
cold ion ensemble captured out of the ECOOL distribution with respect to the
relative detuning of the cooling lasers measured with the HV-scan method.
the resulting longitudinal temperature also becomes lower and lower. This is the
effect of the increasing slope at the stable point of the laser force profile with de-
creasing detuning as depicted in figure 4.15. This slope determines the friction
0
0 v
F
0
0
F
v
capture rangecapture range
Figure 4.15: Schematic pictures of the cooling force profiles for different relative
detunings. The distance of the accelerating and the decelerating laser forces in
velocity space strongly influences the friction coefficient represented by the slopes
at the stable point.
coefficient and therefore the cooling rate (section 2.2.3).
Theoretically, the temperature limit of laser molasses cooling is the so-called
Doppler limit [Metcalf and van der Straten, 1999]: As shown in section 2.3 the
momentum transfer averaged over many spontaneous emission processes of an
excited ion vanishes ( Î8ÏÐÒÑ >Ó ). The square of the momentum however does not
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disappear ( Î8ÏÐ V Ñ >Ô ). A laser-cooled ion performs a random walk which corre-
sponds to a heating process. The diffusion constant of this motion thereby de-
termines the heating rate. The resulting temperature is determined by the ratio
of the cooling and the heating rate which leads to the expression for the Doppler
temperature Î Õ}ORQ ÑÖ /21%1%ª>T×Ø!Ä Ö /21%1%ª>¾Ù
ÚÛ
67 ( Û : natural line width of the atomic
transition). In our case, the Doppler limit for Beryllium ions is gf7ei K. This small
value indicates, that the cooling method is in our case not limited by photon scat-
tering and thus the laser cooling process itself. The main reason for the much
higher temperatures of some Kelvin is the existence of the very strong heating
process due to intra beam scattering.
The right picture shows the number of particles being in the narrow peak of the
velocity distribution. With smaller detunings the number of ions also decreases.
The reason for that is the capture range of the cooling force. The capture range
for molasses cooling is given by the velocity interval defined by both laser force
profiles (roughly depicted as braces in figure 4.15. Ions being outside this inter-
val are not cooled and are part of the broad background ensemble. The velocity
interval and thus the capture is proportional to the relative detuning of the lasers.
For a narrow capture range, even ions that have undergone a collision with a small
velocity change are pushed outside the molasses. Hence, the number of ions in
the cooled peak decreases with smaller-getting detuning.
Both experimental results demonstrate the significant role of intra beam scat-
tering for cooling of fast stored ion beams. On the one hand the heating process
induced by IBS is the main limiting factor for the beam temperatures that can be
experimentally achieved. In connection to the capture range of the cooling force,
intra beam scattering also significantly influences the number of ions in the cold
peak.
The time evolution of the molasses cooling process was examined by taking
a series of HV-scans at different times after the laser frequency scan. The corre-
sponding temperatures of the cold subensemble are shown in figure 4.16. From
the beam lifetime one can calculate the total number of ions stored in the ring at
the time of the particular measurement. Since the number of ions right after injec-
tion as well as the fraction of particles being in the cold ensemble is currently not
known, the particle number is given in arbitrary units.
One observes a decrease of the longitudinal temperatures with preceding cool-
ing time. This behavior can on the one hand be explained by the time needed for
relaxation of the longitudinal ion ensemble experiencing the laser force. Right
after the frequency scan it takes some time to draw the ion ensemble to the stable
point. On the other hand, the decreasing beam current leads to a reduction of in-
tra beam scattering and thus a decreasing heating rate. Furthermore, as described
above, ions scattered far away from the capture range are lost for the cooling
process and no longer notably contribute to the cooling dynamics. Hence, this
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Figure 4.16: Longitudinal beam temperatures during molasses cooling at a fixed
relative laser detuning with respect to the particle number.
measurement directly demonstrates the influence of intra beam scattering on the
laser cooling process.
Schottky noise analysis
As described in section 2.4.3 for coasting beams it is possible to measure the distri-
bution of the ion revolution frequencies by Schottky noise analysis. This method
allows a non-destructive measurement of the longitudinal velocity distribution. In
addition, this method has the advantage that that distribution is not hidden behind
the three-peak structure as in HV-scans. Figure 4.17 shows longitudinal veloc-
ity distributions using Schottky noise analysis for different laser detunings. The
first plot (left) is measured for a large detuning of 600 MHz. One ends up with a
rather broad velocity distribution. In this case it is not possible to fit an expected
Gaussian distribution to the data. A smaller detuning (middle plot) of 110 MHz
however shows an almost Gaussian peak with a sigma width of 45 m/s. The third
picture shows a laser detuning very close to zero. One observes a significant loss
of ions whose total number corresponds to the area under the peak of the Schottky
spectrum. Most of the ion ensemble is already pushed away by the laser force.
The velocity spread of the remaining ions of 28 m/s is somewhat smaller com-
pared to the middle plot. The measured longitudinal temperatures fit very well to
the values determined by HV-scan measurements.
With this method, it is also possible to monitor the longitudinal cooling dy-
namics during the frequency scan and therefore the process of collecting and
compressing the ion ensemble. For this purpose, we performed a very slow laser
frequency scan over 15 seconds covering a frequency range of 2 GHz. The fre-
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Figure 4.17: Longitudinal temperatures with respect to the relative detuning of
the copropagating laser measured by Schottky noise analysis. The thick lines in
the middle and the right plot are fit curves assuming a Gaussian distribution.
quency scan was started five seconds after finishing a ten second electron cooling
phase. Schottky pictures were taken every second during the laser scan. Since
the maximum data acquisition rate was one Schottky analysis in three seconds,
several injection cycles have been used with shifted measurement times: The first
injection was performed taking Schottky pictures after ÊÍ>d s, ÊÍ>Ag s, Êi>c s etc.
For the second injection the measurement times were Êj>Y s, ÊÍ>d s, Êj>u s etc.
and for third one Êo>q7 s, Ê0>qe s, Êo>s s etc. Therefore, with three injections the
longitudinal velocity distribution could be observed with a time resolution of one
second. A series of selected Schottky pictures is shown in figure 4.18. The first
plot was recorded during the electron cooling phase. One observes a comparably
broad velocity distribution which corresponds to the equilibrium temperature of
an electron-cooled ion beam. The next plot shows ions that are pushed by the ar-
gon ion laser outside its resonance range towards higher velocities. At this point,
the force profile of the counterpropagating laser is outside the drawing area. The
frequency scan starts right after the third picture. In the following for pictures, one
observes the compression of the velocity distribution. One clearly sees the con-
tinuous shift of the right border of the distribution towards the velocity position of
the copropagating argon ion laser. The signal height steadily increases since more
and more ions are concentrated on a narrowing velocity interval. In the last two
pictures, the relative detuning becomes positive, so that there is no longer a stable
point in velocity space. This corresponds to the sharp drop of in the fluorescence
signal in figure 4.9. The Schottky plots show an abrupt disappearance of almost
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Figure 4.18: Longitudinal dynamics during a slow dye ramp monitored by Schot-
tky analysis. The dashed line denotes the position of the argon ion laser.
the complete ion ensemble. There are only a couple of ions left being pushed
away by the argon ion laser as it was the case right after electron cooling (second
picture).
The shape of the Schottky signals during laser cooling has also been discussed
in [Hangst et al., 1995a, Lebedev et al., 1995]. It turned out that additional effects
such as Landau damping and the occurrence of plasma waves along the closed
orbit influence the measurement. These effects can also be observed in our mea-
surements as a two peak structure emerging e.g at Êb>Üu s. These observations
have to be further investigated. Nevertheless, the presented method allows the
realtime observation of the longitudinal velocity distribution during the scanning
and cooling process. This tool will also become of particular interest for the ob-
servation of Coulomb ordering.
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4.2.3 Transverse cooling
The transverse dynamics during coasting beam cooling is monitored with the
beam profile monitor (BPM) as for the case of bunched beams. During the en-
tire measurement cycle, a set of beam profiles was recorded by accumulating the
signal counts for three seconds per profile. Therefore, the total measurement time
of of 39 seconds delivers a set of 13 beam profile pictures, which shows the time
development of the transverse phase-space. In addition, the measurement was av-
eraged over three injections to improve signal/noise ratio due to the low ion beam
current. The resulting profiles were fit according a Gaussian distribution function.
The sigma widths determined from the fit are used to calculate the horizontal and
vertical beam emittances of the ring-averaged temperatures respectively using the
known values of the beta function at the position of the BPM as described in sec-
tion 2.2. Furthermore, the data has been corrected considering the finite resolution
temperature of the BPM (section 2.4.3).
The ion beam was electron-cooled for ten seconds right after injection. The
counterpropagating laser beam was adjusted in maximum overlap position with
respect to the beam. The optimum overlap was determined with an uncertainty of
ÝY;e8p m by maximizing the fluorescence signals while scanning the laser over
the electron-cooled velocity distribution. The beam waist of this system sitting
in the center of the cooling section of the storage ring was Þ}£
V2¤
½Yrte mm. The
overlap position of the copropagating argon ion laser with a beam waist of Þ}£2l2l0
7rße mm was also optimized by maximizing the fluorescence rate during repeated
HV-scans.
Right after electron cooling, the frequency-doubled laser system was scanned
over 2.5 GHz in 1.5 seconds to collect the ions in velocity space as already demon-
strated in section 4.2.2. The scan stopped at a relative detuning of 200 MHz. The
storage ring was oparated in betatron coupling mode (section 2.3.2) to ensure a
coupling of both transverse degrees of freedom. In this case, the dispersive cou-
pling, normally only present between the longitudinal and the horizontal beam
direction, leads to a heating or cooling of the complete transverse phase-space.
Dispersive heating and cooling of a coasting beam is demonstrated by separate
measurements at different horizontal positions of the copropagating argon ion
laser inwards and outwards with respect to the ion beam. The counterpropagating
laser system was kept in the optimum overlap position with the ion beam. The
measured time development of transverse phase-space at four different copropa-
gating laser positions is shown in figure 4.19.
The very left column schematically depicts the horizontal positions of the co-
propagating (300 nm) and the counterpropagating (326 nm) laser beams with re-
spect to the ions. The middle and the right columns show the horizontal and
vertical ring-averaged beam temperatures with respect to the time after injection.
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Figure 4.19: Development of the transverse temperatures for different horizontal
laser positions. One observes either dispersive heating (first row) or cooling (third
row).
The first two data points in each plot correspond to the equilibrium temperature of
the electron-cooled beam. The very first data point at àÍáâ s has been excluded in
all the plots because at this time the extremely hot ion beam right after injection
is not yet cooled down leading to temperatures higher than 20,000 Kelvin.
In the first row, the argon ion laser was displaced 0.5 mm inwards correspond-
ing to 1/4 of its beam waist. After switching off electron cooling ( àãáFäXå s) one
clearly observes a steady heat-up of the horizontal temperature. This measure-
ment impressively shows the effect of dispersive heating. Due to a partly damaged
multi-channel plate of the vertical BPM the count rates are reduced by a factor of
two with respect to the horizontal direction. This leads to a comparably larger
scattering of the data point. Nevertheless one also observes an increase of the
vertical temperature which clearly shows the effect of betatron coupling. With-
out this coupling the heat-up would have only been measured in the horizontal
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degree of freedom. The observed dispersive heating also overcomes the indirect
cooling through intra beam scattering: Without dispersive cooling, the ion beam
would be transversally cooled due to a heat exchange with the very efficiently
cooled longitudinal degree of freedom (see section 2.3.2). The measured heat-up
is therefore an unambigous signature of the dispersive coupling. The dispersive
heating increases the beam diameter and lowers the collision rate. Therefore indi-
rect cooling is reduced which leads to a further heat-up of the beam.
For the next measurement (second row in figure 4.19). the argon ion laser is
placed in the optimum overlap position with the ion beam. The laser should now
neither dispersively heat nor cool the beam. This horizontal position represents
an unstable equilibrium. Even slight horizontal shifts from this overlap position
would lead to dispersive cooling or heating. The beam profile measurements still
indicate an increase of the transverse temperature during molasses cooling. How-
ever, the heating rate is noticeably smaller then in the first experiment. Obviously
the overlap position as determined as described above is still slightly shifted ring
inwards corresponding to weak dispersive heating.
In the third case the copropagating laser was shifted 0.5 mm ring outwards,
a symmetrical horizontal shift in the opposite direction with respect to the first
experiment. After the electron cooling phase, the beam does not blow up but the
transverse temperatures remain almost constant. In this case, one clearly observes
dispersive cooling. The cooling of both degrees of freedom again demonstrates
the effect of betatron coupling. Both transverse cooling mechanisms, dispersive
cooling and indirect cooling through collisions works in the same direction. Dis-
persive cooling reduces the beam diameter resulting in a higher collision rate.
This increases the transversal/longitudinal IBS coupling which leads to a stronger
indirect cooling as well. This experiment represents the first 3D laser cooling of a
fast coasting ion beam.
A further laser beam displacement of 0.9 mm outwards from the overlap posi-
tion is shown in the last row of figure 4.19. The displacement roughly corresponds
to one sigma width of the laser beam. The plot again shows a slight increase of
the emittances although the beam is still dispersively cooled. This behavior can be
explained with a significantly reduced longitudinal cooling rate due to the rather
worse overlap with the ion beam. This worse longitudinal cooling also reduces
the indirect transverse cooling leading to somewhat higher temperatures.
The presented experiment clearly shows that the dispersive cooling mecha-
nism also works very well for the coasting beam cooling scheme. The achieved
transverse temperatures of about æçéèê8ë8å K for the case of dispersive cooling are
comparable to the values measured with the bunched cooling technique. During
data analysis the relative detuning of ìê8åå MHz turned out not to be the optimum
value for longitudinal cooling (see figure 4.14). Therefore, higher cooling rate for
the longitudinal and thus the transverse degrees of freedom are surely achievable.
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A further improvement of transverse cooling would possibly be the horizontal dis-
placement of the counterpropagating laser beam to also achieve dispersive cooling
with this laser system. In this case, one has to consider that the sign of the hor-
izontal displacement (inwards or outwards) in order to attain cooling or heating
are reversed with respect to the argon ion laser. Since the counterpropagating laser
decelerates the ions, the betatron oscillation is damped if the laser is displaced in-
wards with respect to the ion beam (compare this with figure 2.11) and vice versa.
However, the small beam waist only allows rather tiny displacements of less than
300 í m since larger displacements would strongly reduce the longitudinal cooling
rate.
4.3 Conclusion
The presented experiments demonstrate first cooling of a coasting Beryllium beam
by a one-dimensional optical molasses. Up to now the phase-space densities are
comparable to the densities achieved with the bunched cooling method. In ad-
dition we presented first true 3D cooling of a coasting beam employing the dis-
persive coupling. While the longtudinal cooling parameters were the optimum
values, transverse cooling will be further optimized in the next beam time. Fur-
thermore the computer model modified for coasting beam cooling will give more
insight into the dynamics of coasting beam cooling.
All coasting beam cooling experiments have been carried out with total ion
numbers of äXåî . According the molecular dynamics simulations Coulomb order-
ing is expected for particle numbers lower than äXå
ï . Therefore ordering effects
are not expected. However, next beam time we will reduce the particle number
and try to reproduce the observation of a sudden dissappearance of intra beam
scattering.
Chapter 5
Outlook
The goal of all presented laser cooling experiments is still to answer the question
whether it is possible to achieve a beam crystallization and to find out the ulti-
mate limits of the phase-space density. The sudden disappearance of Coulomb
collisions during laser cooling of bunched beams (section 3.3) already shows the
signature of an ordering process. However due to the ambiguity of the results
require further experiments to get a clear proof of a crystallization. In order to im-
prove the cooling rates and to investigate that the observations are not connected
to the bunched cooling scheme itself, a new series of coasting beam cooling ex-
periments have been carried out (chapter 4). These experiments have been done
with ion numbers of about äXå8î in order to examine the new cooling dynamics with
signal rates easy to handle. The transition in bunched beams however took place
at äXå ï ions in agreement with the theoretical predictions for the formation of a lin-
ear chain. The next step to reproduce the anomalous behavior in a coasting beam
would therefore be cooling of much more dilute beams with ion numbers below
äå
ï .
In particular for coasting beam cooling du to the limited capture range of the
cooling force and the fact that scattered ions cannot be cooled back, the use of
a capture range extension could be very interesting. As shown in figure 2.9 a
rapid adiabatic passage can extend the force profile to a velocity range to about
1000 m/s. This is sufficient to completely suppress any losses for the cooling
process due to IBS. Unfortunately a rapid adiabatic passage realized by a set of
drift tubes in the cooling section of the storage ring (section 2.3.1) would modify
the force profiles of the co- and the counterpropagating laser in the same manner
as schematically depicted in figure 5.1a. Both profiles would be extended in the
same direction in velocity space. One possible solution to this problem could be
a further relative laser detuning of roughly 2 GHz (figure 5.1b). In this case the
stable point would be produced by the main peak of one laser and the “wing” of
the capture range extension of the other laser. This experiment will be done next
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Figure 5.1: The capture range extension through rapid adiabatic passage leads
to an extension of both co- and counterpropagating molasses lasers towards the
same direction in velocity space (a). A solution could be a further relative laser
detuning (b).
beam time.
Another possible extension of the experiment would possibly be sympathetic
cooling of ð)ñ O òó by the laser-cooled Beryllium beam. Besides tiny isotopic shifts,
the oxygen beam has the same magnetic rigidity as ô Be
ó
. It could therefore in
principle be stored simultaneously with the Beryllium beam in the ring at the same
velocity. While the Beryllium beam is efficiently laser cooled, collisions between
both ion species lead to a heat exchange, so that the oxygen beam could be cooled
as well. This is similar to the situation of electron cooling where a cold electron
beam is merged with an ion beam. This experiment would give some important
insight on the cooling process through collisions which is also interesting for the
further understanding of electron cooling.
A completely different regime would be laser cooling of very dense beams
with particle numbers of more than äXå ô . In the near future, the production of
these dense beams will be possible with the recently installed high current injec-
tor (HCI). The investigation of laser cooling in a strong IBS regime could lead
to a furthergoing understanding of the influence of collisions to the cooling pro-
cess. Furthermore high current beams of extreme phase-space densities represent
a unique tool to observe effects such as tune-shifts, self bunching and storage ring
instabilities.
Appendix A
Electron cooling force
measurements using barrier buckets
A.1 Introduction
Over the years, electron cooling has become a standard cooling technique used
in storage rings[Poth, 1990]. In contrast to other techniques such as laser cool-
ing [Petrich et al., 1993], electron cooling is a universal method with no limita-
tion to a certain ion species. However, it is surprising that only a few system-
atic measurements exist which quantitatively determine the influence of various
cooler parameters (electron density, guiding fields, expansion factors etc.) on the
cooling process. In particular, one is interested in the cooling rates that can be
achieved, since this determines the cooling times and equilibrium temperatures
of the ion beams. The major reason for this situation is the lack of simple meth-
ods to measure the cooling force profile. Up to now, there are only two known
techniques to measure the force profile: One can perform a controlled heat-up
of the ions by applying a white-noise source of defined power to the ion beam
[Winkler et al., 1997, Beutelspacher, 2000]. The velocity dependency of the cool-
ing force can then be calculated by solving a Fokker-Planck equation with the
measured thermodynamic ion distribution and the applied heating power as in-
put values. On the other hand, the cooling force can be measured by applying a
counter force to the ions using an induction accelerator [Ellert et al., 1992]. The
measurement of the revolution frequency of the electron-cooled ions in force equi-
librium with respect to the strength of the counter force directly delivers the force
profile. While the heating method allows the measurement of the force profile
over a large velocity range including the non-linear part of it, the accuracy of
this technique strongly depends on the underlying model being used. The second
method measures the cooling force directly but requires an induction accelerator
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as a dedicated device only present in a few storage rings.
We present a novel method to measure the linear part of the longitudinal force
profile of an electron cooler using radio frequency beam bunching. The confining
bunch potential generates a counter force acting against the electron cooler. Since
this method has only very small experimental requirements it can be easily applied
to all existing storage rings without the need of major technical modifications.
This way it should be possible to perform systematic cooling force measurements
which allow a further insight into the physics of electron cooling in storage rings.
A.2 Description of the method
For electron cooling, a cold electron beam is merged with the hot ion beam over a
distance of typically some meters. Coulomb collisions allow a transfer of thermal
energy between ion and electron beam. Hence, thermal equilibration leads to a
temperature reduction of the ion beam [Poth, 1990]. The cooling process can be
described in terms of a velocity-dependent cooling force shown in Fig. A.1. At
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Figure A.1: Longitudinal electron cooling force profile in velocity space. The plot
shows the typical values for Be ó ions at õö8÷ =4%. A mismatch between the stable
velocity õ_øù of the ECOOL and the velocity of a confining bunching potential õ;úû
leads to an additional force üKý%þ«ß  acting on the ions.
the velocity õ_øù of the electron beam the cooling force vanishes forming the stable
point in velocity space where the ions are drawn to. Within a broad velocity range
of typically äXå

m/s around the stable point the cooling force is proportional to
the ion velocity. Outside the linear regime, the cooling force goes down to zero
due to the decreasing cross-section of electron-ion collisions with growing relative
velocities. The cooling force near the stable point can be written as ü

õjá	õ
with the friction coefficient  . In this case, the cooling rate, which determines the
time needed to reach temperature equilibrium, is written as 
±áÔêiö (  : ion
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mass). The beam bunching method can be used to measure this linear part of the
force profile and therefore the cooling rate.
The measurement of the velocity dependency can be done by applying a well-
known velocity-independent probe force acting on the ion beam which counteracts
the cooling force to be measured. Then, one has to determine the velocity of the
ions being in force equilibrium with the cooling force and the probe force. This
way, by changing the probe force, the force profile of the cooler in velocity space
can be measured.
One way to produce a constant force for a limited time is the use of an induc-
tion accelerator [Ellert et al., 1992]. The induction accelerator applies a force on
the coasting ion beam exploiting the transformer principle. A current ramp in a
coil enclosing the beam pipe induces a voltage in the ion beam representing the
second coil. This way, a longitudinal force can be applied for a limited time. For
a measurement of the electron cooling force one uses different current ramps and
measures the corresponding change of velocity by monitoring the ion revolution
frequency via Schottky analysis.
Beam bunching offers a way to generate a counter force without any time
limitations. In this case, a pseudo potential confines the ions in the longitudi-
nal direction. The potential shape can be adjusted to generate a counter force.
For radio frequency beam bunching, the ion beam passes a radio frequency field
tuned at a harmonic of the revolution frequency. While passing through, the ions
are accelerated or decelerated depending on their particular phase with respect to
the electrical field. The ions are therefore confined in the longitudinal degree of
freedom.
The confinement can be described in terms of a pseudo potential (“bucket”)
moving with the ions. The velocity of this bucket is determined by the bunch-
ing frequency Xúû : õ;úûzáXúûö with the ring circumference  and the harmonic
number  . In the comoving frame, the ions perform an oscillatory motion (syn-
chrotron oscillation) in this potential. A detailed description of beam bunching
with non-sinusoidal potential shapes can be found in [Eisenbarth et al., 2000a].
The presented experiments measuring the cooling force make use of a special po-
tential shape called barrier buckets sketched in Fig. A.2. This potential consists
of a square-well potential with a bottom of constant slope. The ions oscillating
in the bucket are reflected at the steep potential walls resulting in a well-defined
bunch length which is independent from the relative kinetic energy of the ions.
Inside the bucket, ions experience a constant force due to the potential slope. The
spatial time-averaged distribution of the thermal ion ensemble in the longitudinal
degree of freedom is given by Boltzmann’s distribution:


Íá
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
: longitudinal position, æ : longitudinal ion temperature, 1Gúû : pseudo potential,
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Figure A.2: The barrier-bucket potential used for beam bunching consists of
a square-well potential with a bottom of constant slope. The slope defines the
strength of the probe force ü2 Mù4365 ø .
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: Boltzmann’s constant.
A constant potential bottom (pure square-well potential) leads to a constant
density distribution. The shape of the distribution is independent of the beam tem-
perature. A potential slope pushes the ions either towards the rear or front wall
dependent on the sign of the slope. In this case, the ion ensemble is exponentially
distributed along the longitudinal axis within the bucket. In addition, the distri-
bution is strongly dependent on the beam temperature. For measuring the cooling
force, the derivative of this potential slope provides the force counteracting the
electron cooler.
For a bunched electron-cooled beam two velocities are defined: On the one
hand the velocity of the electron beam õ_øù and on the other hand the ion velocity
determined by the bunch frequency õ;úû . If õ_ú¬û is not equal to õ;ø)ù ions still expe-
rience a velocity-dependent cooling force. However, the cooling force now has
an offset described by üKý%þ«ß  á 

õ;øù:~õ;úû (see Fig. A.1). Hence, ions expe-
rience an accelerating or decelerating force inside the bunch respectively. The
calculated motion of one particle in a pure square-well potential in longitudinal
phase-space for both mismatched cases õ;úû<;Ôõ;øù , õ_ú¬û>=Fõ_øù and in case of per-
fect match õ_ú¬û}áõ;øù is shown in Fig. A.3 (left column). One observes a damped
an-harmonic oscillation which is drawn to one side of the bunch potential in both
mismatched cases. In the matched case the ion movement ends somewhere in the
potential depending on the starting point of the simulation.
In a barrier-bunched beam, the offset üPý4þ«ß  can be exactly compensated by ad-
justing the potential slope counteracting the offset. In this case, ions oscillating in
the bucket do no longer experience any net force inside of it, leading to a constant
longitudinal ion density distribution. Since the potential slope of the bucket and
therefore the counterforce is precisely known, one can measure the cooling force
for a certain ion velocity by adjusting the slope until the ion distribution becomes
constant. The ion velocity is then determined by the bunching frequency.
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Figure A.3: Calculated phase-space diagrams of an electron-cooled bunched
beam for two bunching frequencies: lower (a), higher (b) and equal (c) with re-
spect to the corresponding electron beam velocity. The right column shows the
longitudinal ion distribution measured with an electrostatic pickup. The fitted
theoretical Boltzmann distributions are shown as solid lines.
A.3 Experimental Realization
The experiments are performed at the Heidelberg Test Storage Ring (TSR) with
ô Be
ó
ions at 7.3 MeV corresponding to 4% of the speed of light. The typical beam
current is 3 í A corresponding to ë@?_äXå ï stored ions in total. A rest gas pressure of
âA?fäXå

ð2ð mbar leads to a 1/  lifetime of 35 s.
The electron cooler superimposes a cold electron beam over a distance of
1.2 m with the ion beam. The electron beam current of typically 12 mA is guided
through a toroid field of 400 Gauss resulting in a beam of 3 cm in diameter and a
number density of BDC!EF?fäXå
ï
cm HG . The acceleration voltage of 480 V in combina-
tion with an adiabatic expansion (factor 9.8) of the transverse degree of freedom
leads to an electron beam temperature of about 2 K. The resulting equilibrium
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temperature of the Be ó -beam after typically ten seconds cooling time is about
300 K.
Beam bunching is performed using a pair of non-resonant horizontal kicker
plates set on the same potential. The radio frequency was produced with an arbi-
trary function generator (Hewlett Packard 33120A). This device gives us a great
flexibility in modeling our potential shapes. A 10 W broadband rf amplifier feeds
the signal to the metal plates terminated by 50 Ohm dummy loads. An important
point is the precise knowledge of the bunching potential as seen by the ion beam.
Since two kicker plates with the same potential are used, bunching forces act on
the ions only while entering or leaving the plates. The effective bunch potential is
therefore calculated as:
1ú¬ûPá
I
øKJ

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
O
( 1Gúû : potential amplitude seen by the ions, I øKJ : effective length of the kicker
plates,  : harmonic number, L : relativistic factor,
M
: machine-specific slip fac-
tor [Hofmann and Kalisch, 1996] (
MPQ,R
=0.895),  :ring circumference, O :voltage
amplitude applied to the kicker plates)
The effective length of the kicker plates takes stray fields into account. The ac-
tual shape of the bunching device does not play any role for the measurement since
this length can be exactly determined by measuring the ion oscillation frequency
in a harmonic bunching potential (synchrotron frequency S &TVU)W ) via Schottky anal-
ysis. For this purpose, a sinusoidal waveform is applied to the kicker plates. The
oscillating ions produce motional sidebands apart from the carrier frequency in the
Schottky spectrum. The difference of sideband and carrier frequency directly cor-
responds to the ion oscillation frequency. This frequency depends on the strength
of the bunching potential seen by the ions. For a given bunching amplitude applied
to the kicker plates, the effective length
I
øXJ is calculated as
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With the slope of the barrier bucket, the counter force acting against the electron
cooler is calculated as
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where
O
 ù4365´ø is the voltage slope of the bucket (see Fig. A.2) and [ the on-off ratio
(duty cycle) of the square-well potential.
The longitudinal ion distribution inside a bunch is observed with an elec-
trostatic pickup device [Albrecht, 1993]. The changing current of the bunched
ion beam induces mirror charge fluctuations on a metal ring enclosing the beam.
These charge fluctuations can be measured over a large resistor as a voltage signal.
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The amplified signal is displayed with an oscilloscope giving us a realtime picture
of the longitudinal ion distribution.
A.4 Force measurement
We first measured the synchrotron frequency with our setup to determine the ef-
fective length of our kicker plates. A sinusoidal rf voltage with an amplitude of
30 Volts at the 15th harmonic gave a synchrotron frequency of 200 Hz. Hence,
the effective length of our kicker plates is 60 cm. For the force measurement with
barrier buckets we used a bunching frequency of 676 kHz corresponding to the
third harmonic of the revolution frequency. The duty cycle was 50% ( [ =0.5). The
rf amplitude of 30 V 5,5 allows a maximum ion velocity spread that can be hold in
the bucket (bucket acceptance) of 1500 m/s.
For the ECOOL force measurement, the injected ion beam is cooled until equi-
librium temperature is reached. Then, the barrier bucket potential with a given
slope
O
 Mù4365 ø is switched on. The resulting ion distribution inside the bunch is mon-
itored online with the pickup device. The bunching frequency is adjusted until the
ions are evenly distributed. Even a slight frequency mismatch is clearly visible
in the pickup signal as an ion distribution pushed to one side of the bucket walls
(see Fig. A.3,right) since the interplay of electron cooler and bunching potential
forms an unstable equilibrium. If the bunching frequency Xúû for the balanced dis-
tribution is found,the ion velocity is calculated as õ;þ436T á\Xúû%jö . At this point in
velocity space the cooling force is exactly equal to the counter force being calcu-
lated from O  Mù4365 ø as described above. The force profile is measured by applying
different potential slopes and adjusting the bunch frequency until one attains a
homogeneous ion distribution. The measured data points are depicted in fig. A.4
(filled circles). The plot shows the linear part of the cooling force profile around
the stable point of the electron cooler.
A change of the bunching frequency by one Hertz corresponds to velocity
change of 1.8 m/s. A frequency mismatch of 10 Hz (18 m/s) is clearly observ-
able as an ion ensemble pushed to one of the potential walls. This value also
defines the uncertainty of the velocity measurement which is negligibly small.
The uncertainty of the applied counter force mainly depends on the uncertainty
of the effective kicker length. From the measurement we estimate the accuracy
to ]¦ü[ö8ü =15%. The slope of the linear part determines the cooling rate of the
electron cooler. For our case this rate amounts to 
zúû`á±ä.^`_ê


ð
. This stands in
perfect agreement to the results using the induction accelerator method (Fig. A.4,
open circles) performed right after. In addition, the results agrees very well with
previous measurements [Pastuszka et al., 1996].
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Figure A.4: Measurement of the ECOOL force profiles in velocity space employ-
ing barrier buckets (filled circles) and the induction accelerator method (open
circles).
A.5 Conclusion
We presented a new versatile method to measure the longitudinal force profile of
an electron cooler using beam bunching. The results are in very good agreement
with the measurements using the induction accelerator. The method is extremely
simple to apply and can be done in very short time. In addition, this method
is not limited to a specific ion species. It becomes even more effective for higher
charged ions because the pickup signal in order to determine the equilibrium point
of the longitudinal ion distribution is much stronger. In contrast to the use of
an induction accelerator, the requirements for our measurements are comparably
small. One only needs a pair of metal plates or a drift tube for beam bunching
present in all storage rings. For monitoring the longitudinal distribution one needs
an electrostatic pickup which can also be a simple drift tube since we do not need
any position information. Our presented method should be directly applicable to
all present heavy ion storage rings in order to perform systematic measurements
of the cooling process with respect to changes of the various parameters of an
electron cooler.
Appendix B
Measurement system
The various diagnostic tools presented in chapter 2 are located at different posi-
tions along the storage ring. For data acquisition we set up a decentralized archi-
tecture as depicted in figure B.1. Each diagnostic device has its own computer
system that records the signals and performs a little data pre-analysis. All mea-
surement systems are connected to a ethernet network based on the TCP/IP proto-
col. The measured data is transmitted over this network. In addition, the network
is used to control all the measurement systems from a Linux-PC (denoted as User
PC in the picture).
The pickup device is read out by a digitizing scope (Model Hewlett Packard
54510A) which also averages the tiny voltages over several scans. The data is
readout by a Linux PC using a GPIB (IEEE 488) interface. The readout can be
performed locally by a programm or is transmitted via network to the User PC,
which also controls the acquisition parameters such as the number of averages,
the time resolution etc.
For the readout of the photomultipliers and the control of the high voltage
tubes one uses a CAMAC system which is controlled by a computer based on a
VME-bus architecture. This computer works with a realtime Unix derivate called
LynxOS. The photomultiplier pulses are amplified, shaped and converted to logi-
cal signals using conventional NIM devices. These logic pulses are fed to a mul-
tiscaler CAMAC module. This module contains an internal histogram memory
where the photomultiplier pulses are summed up. The multiscaler module also
allows the measurement of a time series by counting the pulses into a channel of
the histogram memory for a given time and than stepping to the next channel. The
module produces synchroneously a control voltage reflecting the current channel
number. A time series measurement is therefore be connected to a voltage ramp
which can be amplified with an high voltage amplifier and applied to the drift
tubes of the storage ring. This way the HV-scan is realized. After a HV-scan or
fluorescence scan is finished the whole time series is readout from the histogram
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Figure B.1: The data acquisition system for each measuring instrument consists
of separate computers connected via a network.
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memory by the VME computer which further transmits the data to the network.
For Schottky analysis, the noise signal taken from an electrostatic pickup was
fed into a spectrum analyzer (Hewlett Packard). The fast Fourier transform is
internally performed using dedicated digital signal processors (DSPs). Under our
conditions, this system produces up to 10 frequency spectra per second. This
allows a realtime observation of the longitudinal cooling dynamics. However, the
readout via GPIB to the PC (which is also the control PC in the setup) significantly
limits the acquisition rate to one Schottky picture in three seconds. The multi-
channel plates of the beam profile monitor are also readout by a VME computer
which transmits the data to the network.
The used setup ensures the realtime capabilities of the particular diagnostic
tools being read out by separate data acquisition subsystems. The decentralized
structure also makes this system relatively robust against hardware failures. In
addition, further measurement devices can be added without much effort.
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